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ABSTRACT
Aerogels are porous lightweight materials, unique among all solids in terms of low
density, low thermal conductivity, low dielectric constants and high acoustic attenuation. The
penalty for those exceptional properties is fragility. That issue has been addressed by
bridging covalently ( crosslinking) the elementary nanoscopic building blocks of silica
aerogels with polymers. To streamline the crosslinking process we synthesized a bidentate
free radical initiator (Si-AIBN) that gets attached on the skeletal nanoparticles and induces
crosslinking by surface initiated polymerization (SIP). Here, we extend the scope of Si-AIBN
in two directions: (a) we demonstrate extremely adhering, covalently attached polymer
coatings on oxidized surfaces (glass, metal) and eventually we adapt the method into highly
durable conducting polymer films;

and, (b) we engage a carbonizable crosslinker

(acrylonitrile), whereas the resulting polymer coating, polyacrylonitrile (PAN), can react
carbothermally with the underlying silica backbone to yield monolithic, highly porous (>70%
v/v) silicon carbide (SiC) suitable as a high temperature catalyst support. Meanwhile, PAN is
the major starting material of carbon fiber used industrially in high-strength composites for
automotive and aerospace applications. It was thus deemed desirable to explore the synthesis
of PAN-derived

porous

carbons.

Although

free-radical

solution

polymerization

of

acrylonitrile may afford gels, those linear-polymer based gels collapse upon drying and they
cannot be converted to aerogels. Use of I ,6-hexanediol diacrylate (HDDA) or ethyleneglycol
dimethacrylate (EGDMA) as molecular crosslinkers induces phase-separation of "live"
nanoparticles that react with one another forming a robust, covalently bonded 3D network
than can be dried into carbonizable and eventually graphitizable aerogels. Phase-separation
can be also induced prior to polymerization by surfactants, and thus eventually we
demonstrate an environmentally friendly aqueous route to PAN aerogels and carbons.
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1. INTRODUCTION
1.1

AEROGELS

Aerogels are advanced materials almost like solid smoke. An aerogel resembles a
hologram, appearing to be a projection rather than a solid object. '- 2 Aerogels can consist
of more than

98o/o

air by volume,

the remaining being a

wispy matrix

of

organic/inorganic polymer. 3 -5 Aerogels, consequently, are one of the lightest solids
conceived. 6 They are characterized by some unique properties such as high visible-light
transparency, low density, low refractive index, low dielectric constant, etc. The low
thermal conductivity is derived from the nanopores (typically 2-50 nm) that have intricate
geometry in which heat cannot be transferred by convection. 7 Heat transfer by the solid
phase is also suppressed owing to the low fraction of solid phase. As a result, aerogels
show extremely low thermal conductivity. This excellent thermal insulation property is
expected to help in more efficient use of fuel energy that results in saving of natural
resources.
The pores m any porous materials may be regularly arranged, as in molecular
sieves. However, the more common situation is an irregular pore structure, as obtained by
cross-linking of polymer chains, aggregation or agglomeration of small particles, or
selective removal of elements of a solid. The physical properties of a porous solid and its
reactivity are effectively influenced by the kind, shape, and size of the pores. The unique
properties of aerogels result from the special arrangement of their solid network, which is
shown in Figure 1.1 for a Si02 aerogel. The structures of aerogels arc characterized by
well-accessible, cylindrical, branched mesopores (2-50 nm).x The pore structure of
aerogels is formed by the controlled condensation of small (polymeric or colloidal)

2

primary particles with a diameter of<l run. Generation and aggregation of the particles is
controlled by chemical processes, usually the sol-gel process. 9

Figure 1.1 A typical picture of silica aerogel in left and its microscopic structure on right.

Aeogels were invented by Kistler 10' 11 in 1930s for studying the nature of the gels.
He eventually ended up commercializing the first aerogels with Monsanto. Kistler
showed impressively that the liquid of the gels can be removed without destroying the gel
structure. One of the reasons why it took 30 years for the aerogels to become interesting
for industrial applications was certainly the time-consuming preparation, which took
more than a week. Nicolaou and Teichner 12 improved the process of making silica
aerogels by employing sol-gel chemistry with tetramethylorthosilicate (TMOS) as the
metal alkoxide. The key to the improvement was the use of methanol as the solvent,
which was then removed under supercritical conditions.
1.2

NETWORK FORMATION AND STRUCTURE

Formation of highly porous three-dimensional network is one of the key steps in
the preparation of aerogels. Network formation is an excellent example of the influence

3
of chemical parameters, in particular the kind of precursors and the reaction conditions,
on the resulting microstructure.
Figure 1.2 shows the preparation of a silica aerogel via the sol-gel process.
I
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Figure 1.2 Preparation of a silica aerogel using the sol-gel process.
As discussed by Livage and Sanchez, 13 the first step in the preparation of a silica
aerogel, is the hydrolysis of a silicon organic precursor, followed by condensation of the
hydroxyl groups to produce - Si-0-Si- linkages. Nucleophilic substitution reactions are
the backbone of the hydrolysis step which occurs through SN 2 mechanism. Typically,
tetraethoxysilane (TEOS) of formula Si(OC2Hs)4 or tetramethoxysilane (TMOS) of
formula Si(OCH 3 ) 4 are used as precursors. These silicon alkoxides are dissolved in their
respective alcohol, which also serves as a solvent for water in the hydrolysis step in the
presence of either an acidic or basic catalyst. The gels thus formed by this process are
exchanged with alcohol several times to remove water from the network before drying
them.

4

Drying of aerogels:
If the liquid in a sol-gel is replaced with a gas, it is found that as the liquid is
evaporated, the gel collapses until it has been reduced to a very small mass compared to
the original gel resulting in a xerogel.
In order to produce an aerogel, the liquid must be replaced with air by some
means in which the surface of the liquid is never permitted to recede within the gel, like a
supercritical drying process. 15 Practically, supercritical drying consists of heating the wet
gel in a closed container, so that the pressure and temperature exceed the critical
temperature, Tc, and critical pressure, Pc, of the liquid entrapped in the pores inside the
gel. 15 Supercritical drying can be carried out either at high temperatures using alcohol or
at low temperatures using liquid C0 2. 16 Liquid C0 2 has the advantage of a very low
critical temperature at a moderate critical pressure. The time required for exchanging the
original pore liquid for liquid C0 2 is determined by the diffusion of carbon dioxide into
the gel, and it is therefore dependent on the dimensions of the gel body. Another
requirement is the miscibility of the pore liquid with C02. For example, water and C02
are immiscible, and therefore an intermediate solvent exchange (e.g. water for acetone) is
necessary. Other drying techniques like freeze drying or ambient pressure drying have
. t h e 1Iterature.
.
17-ls
a Iso b een reporte d m

1.3

CROSSLINKED AEROGELS (X-AEROGELS)
Although

aerogels

have been

proposed

for

many applications

including

.
.
1atwn,.
?I-'"''"'
. 21- cata I yst supports-""' 4 an d h osts fior
thermal 19 '"' 0 and acoustic
msu
~- as d.Ie 1ectncs,
,k

functional guests in chemical, electronic and optical applications, aerogels have actually

5

been used only in certain specialized environments, like the production and detection of
Cherenkov radiation aboard spacecraft, as collectors for cosmic particles,25 and for
thermal insulation in planetary vehicles. 19 Main issues in the commercialization of
aerogels are their fragility and their extremely weak mechanical properties. In our past
work, we have solved these problems by cross linking aerogels with organic polymers. 29 32

Aerogels have well defined weak points on the skeletal framework which are the

interparticle necks so by using the surface functional groups as anchors, the entire
framework is coated conformally with a polymer that bridges chemically (cross links) the
nanoparticles and reinforces the interparticle necks, while the pores remain open (Figure
1.3). The resulting polymer-crosslinked (X-aerogels) are exceptionally strong materials in
comparison not only with native aerogels, but also with materials that are usually
considered strong such as steel, Kevlar and sili~on carbide.33 - 35

thicker necks increase the
strength of the material

/

nonporous
primary
partic le

lmesopores

conformal
polymer coating

porous
secondary
particles

Figure 1.3 A thin polymer layer coats conformally the skeletal silica nanoparticles.

There are three degrees of freedom in the design of polymer crosslinked aerogels:
the chemical id entity of the framework , the chemical identity of the polymer and the

6
surface functionality of the nanoparticles. The latter was determined to be a versatile
parameter by careful choice of the reactive groups on the surface of silica. More versatile
polymer reinforcement can be easily achieved if reactive functional groups are introduced
onto the surface of silica by using trialkoxysilanes as precursors. Figure 1.4 demonstrates
functionalization of silica aerogels using 3-aminopropyltriethoxysilane (APTES) to give
amine decorated silica aerogels 26 for attachment of epoxy resins, 27 - 28 polyurea, 29 - 30 or
polystyrene. 31 - 32

TMOS/

<E<Oh50~'H'
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/MeOH

El El
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, NNH ,

-

\

H,N

isocyanate

1

Polyurea

H 2N

c~____;=-\_

epoxides

~

1

styrene-terminated si Iica

I

1

Epoxy "glue"

styrene, AIBN

1
Polystyrene

Figure 1.4 Surface modification of silica for polymer crosslinking.
It is noteworthy to mention that the internal void space in a X-aerogel is not

compromised significantly, while the flexural strength of a typical monolith is increased
by 300 times for a nominal increase in density only by a factor of three. The increase in
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cleavage they would produce one surface-bound radical, which is the desirable outcome,
but they would also release a second radical in the mesopores. The polymer formed in
the solution filling the mesopores will have to be removed, and that introduces more
solvent exchange steps. For this purpose, we designed a bidentate free-radical initiator:
Si-AIBN (Figure 1.5) which possesses Si(OEth groups on both sides and a group capable
for free radical initiation (N=N) at the center. With the help of these Si(OEth groups, SiAIBN anchors onto the surface of silica so that no free radical will ever leave the silica
particles.

Figure 1.5 Bidentate initiator Si-AffiN.

The simplified crosslinking mechanism with Si-AIBN can be explained vta
classical free radical chemistry where initiation begins by heating with olefins in proper
solvents. Silica wet-gels decorated with radical initiator sites, act like macro initiators. In
the propagation step, thermally generated radicals react with the monomers in the
reaction mixture from the surface of silica. When radicals at the tips of the growing
chains meet, they combine and the radical process is terminated resulting in the formation
of polymer tethers which connect the particles to each other (Figure 1.6). Consistent with
the previous observations, these aerogels too are mechanically strong and they can take

9
up to 800 MPa of stress at approximately 90% strain. Surface initiated polymerization of
olefins like styrene or methyl methacrylate (MMA) can form covalently bound conformal
coating on the mesoporous silica surfaces. 32
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Figure 1.6 Simplified crosslinking mechanism with Si-AIBN.

SIP with Si-AIBN paves the way for more innovative research at the interface of
sol-gel materials and films. In this dissertation, we extend the application of this initiator
mainly in two different areas. The first application entails covalently bonded thin
conducting polymer films, where Si-AIBN can attach itself to the surface of glass and
assist in polymer growth from the surface of glass. The judicious use of several
chemistries yields polythiophene covalently bonded to glass substrate. The second
application involves polymer-crosslinked aerogels based on SIP as starting materials for
making new kind of porous materials. Here, we demonstrate synthesis of silicon carbide
(SiC) aerogels by carbothermal reduction of silica at temperatures between 1200 °C-1600
°C. For this purpose, silica was conformally coated with polyacrylonitrile, with a similar
process as described earlier.
This work with SiC, led to all-organic aerogels based on polyacrylonitrile (PAN),
reasoning that since PAN is the major industrial source of carbon fiber, PAN aerogels
should be excellent sources of porous carbon. Carbon aerogels can be used as adsorbers,
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catalyst supports, and as electrodes for batteries and fuel cells. These aerogels were
explored

usmg

different

polymerization

techniques

like

solution

(toluene)

polymerization, to develop mechanically strong monoliths and emulsion (water)
polymerization in order to develop economically viable and environmentally friendly Caerogels referred to as green aerogels. Upon further pyrolysis to 2300 °C, their graphitic
properties are significantly enhanced.
1.5

COVALENTLY BONDED CONCUCTING POLYMERS
It has been recognized for many years that very long linear-conjugated conducting

polymers have various interesting properties, especially optical, electrical, and magnetic
properties. Techniques such as photolithography, microcontact printing, scanning
electrochemical microlithography, and electrochemical dip-pen lithography have been
used for micro- and nano-fabricating structures from conjugated polymers at different
levels. 42 -43 For these applications, improved mechanical strength and better adhesion of
the films to the bonding surface is desired. 44 -46 For this purpose, conducting polymers can
be modified by means of either copolymers, blends, or modified homopolymers. Of the
several means of modifying polymers, the chemical transformation remains the leading
process. It consists of either functionalizing a pre-made polymer to anchor functional
groups onto it, or reacting already-existing functional groups of polymer with a molecular
reactant. 47 - 49
A

bifunctional

monomer,

namely

3,4-(vinylencdioxy)thiophene

(VDOT)

polymerized both by radical, using Si-AIBN, and redox chemistry was used in the
fabrication of lithographic patterns of conducting polymer films via a sol-gel method
(Figure I. 7).
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Figure 1.7 Surface binding ofVDOT using Si-AIBN on glass.
Si-AIBN is attached to the surface of glass by hydrolysis of the -Si(OEt)3 groups
and reaction with the hydroxyl groups on the glass surface. Subsequently, BVOT was
polymerized via a free radical mechanism using its vinyl groups and the glass surfacebound Si-AIBN. In tum, dangling thiophene groups were polymerized oxidatively. 50
Since the distance and spatial orientation of the thiophene groups are such that they
cannot be polymerized on their own, they were bridged by oxidative co-polymerization
with EDOT. This unique film-making method offers the obvious advantage of excellent
adhesion as compared to the physically bonded films.
1.6

SILICON CARBIDE AEROGELS
In general, commercial catalysts are composed of a support material and an active

catalyst component. Support materials provide a porous framework permitting access to
the active phase for the reactants and free exit for the products from the catalyst particles.
A good catalyst support should have high mechanical and thermal stability in order to
avoid collapse during reaction or oxidative regeneration. All of these must be achieved
with the support being chemically resistant, cheap, and abundant. For more than sixty
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years, the main catalyst supports are still based on silica, alumina and carbon. All of these
supports have drawbacks at high temperatures: silica is sinterable while carbon and
alumina are reactive. Therefore, suitable substitutes are necessary. 51 - 54 Since silicon
carbide (SiC) maintains high mechanical strength and oxidation stability, it comprises a
viable alternative. However, for SiC to be useful as a catalyst support, it must have a high
surface area (20-30 m 2 g- 1).
The industrial preparation of SiC by the Acheson process, 55 involves heating of
carbon (generally carbon black, coke, or even coal) and silica (sand), both very cheap
materials, to give SiC with very low specific surface area (0.1-1 m 2/g) via the
carbothermal reduction of silica (Si0 2 ) according to the overall equation:
Si0 2 + 3C

SiC +

2CO

In addition, there are many studies on the preparation of different kinds of nonmonolithic SiC materials, such as nanoparticles, whiskers and nanowires. 56 - 60 In most of
these cases, the formation of the whiskers can be linked with the gas phase reaction
between SiO and CO. This leads to the production of SiC with surface area in the range
of 5-20m 2 /g.
SiO(g) + 3 CO(g)

SiC(s)

+ 2 C02(g)

Monolithic porous SiC ceramic materials are typically fabricated by heating SiC
powders in an inert atmosphere. The mechanical strength of those objects depends on the
densities and size/ shape of the particles and pores. 61 - 62 However, due to the high acovalent character of SiC, it is essentially a non-sinterable material. Therefore, to fuse
particles together requires high temperature treatment. Sintering aids in the form of
alumina, B 4 C, and carbon black are generally used for this purpose. 63 - 64 In an alternate
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method, SiC powders are heated in air between 1100 °C and 1500

oc

for oxidative

bonding among particles. Porosities of 30-35% are commonly observed adopting these
methods. 65
In this work, we have used crosslinked silica aerogels 32 in order to synthesize
monolithic SiC aerogels. The rationale behind this experiment is that acrylonitrile can be
polymerized via free radical chemistry just like PMMA or polystyrene. Polyacrylonitrile
is industrially used for manufacturing of carbon fibers for lightweight carbon fiber
composites. 66 We also know that silica can react carbothermally with this carbon at
temperatures between 1200 °C-1600 °C to yield SiC. Thus putting all of the above
together we can say that silica aerogels crosslinked with polyacrylonitrile may yield SiC
with similar morphology as that of silica.
In the implementation of this project, Si-AIBN, TMOS, acrylonitrile, methanol,
water and a base catalyst (ammonium hydroxide) were mixed to form a sol which gels
within 10-15 min. Subsequently, polymerization of acrylonitrile was carried out and the
samples were dried without the need of supercritical drying due to the relatively high
strength of these materials. PAN crosslinked silica aerogels can be pyrolyzed in a
furnace, in a stepwise process that involves aromatization of PAN, followed by
carbonization and eventually carbothermal reduction of silica to form SiC. At the end of
this process, the furnace can be switched to air at 600 °C to remove excess of carbon to
yield chemically pure SiC in almost I 00% yield from Si02. Here, it should be noted that
the entire process can be carried out in a single furnace by just switching the gases at
various temperatures.
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To understand the morphology of the final SiC it was necessary to study the
topology of carbothermal reductions. There are series of reactions that take place during
carbothermal reduction, which continue until complete conversion of Si0 2 to SiC takes
place. Some of the other important reactions are listed below:
SiO(g) + 2 C(s)

---~

SiC(s) + 2 Si0 2 (s)

1.7

SiC(s) + CO(g)

> 3 SiO(g) + CO(g)

ORGANIC AEROGELS BASED ON POLYACRYLONITRILE
There are two ways organic solutions gel, but only one kind of gel is capable of

gtvmg aerogels. Polymerization of monomers may lead either to soluble polymers or
colloidal particles. Soluble polymers tend to keep on increasing their molecular weight
until the viscosity of the solution is high enough to gel. In polymeric gels, the entangled
polymer chains are held together by weak van der Waals forces. This situation is more
likely to be encountered with linear polymers like PMMA/polystyrene. In these gels,
upon removal of the solvent, even under supercritical drying, the polymer chains are free
to slide along one another and the matrix shrinks in order to maximize the interaction
between the chains and minimize the energy. 67
Alternatively, colloidal particles repel one another forming stable sols. Depending
upon the chemical nature of the particles, they can either form a gel or a precipitate. In
order to form an aerogel, colloidal particles must develop covalent bonds with one
another~

if not they will form a precipitate. The covalent character of the interparticle

contacts docs not allow for slippage and the system survives as such in the dry form, as
long as no surface tension forces are exerted on the framework during drying that would
break the interparticle covalent bonds.
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Figure 1.8 Different pathways towards formation of organic gels.
Most of the work in orgamc aerogels has been concentrated on resorcinolformaldehyde (RF) aerogels, which upon pyrolysis, yield carbon aerogels. Nevertheless, a
few reports have been published on other classes of organic aerogels, including
polyimide, polystyrene, polydicyclopentadiene, polyurethane, and polyurea aerogels. 68 - 72
The targeted practical applications have always been either in the area of thermal
insulation or in the conversion to electrically conducting carbon aerogels. In that regard,
we became interested in polyacrylonitrile (PAN) aerogels, as PAN aerogels should be an
excellent source of porous carbon. Although acrylonitrile can be polymerized via a free
radical process, gels of the resulting linear polymer lack the rigidity necessary to be dried
into aerogels.

For this, 1 ,6-hexanediol diacrylate (HDDA) and ethylene glycol

dimethacrylate (EGDMA) were used as crosslinkers to develop molecular 3D networks
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that induce phase-separation and provide the structure with the necessary rigidity that
allows drying into aerogels. This process was carried out in toluene as an organic solvent
to

EGDMA

HDDA

make mechanically strong aerogels based on PAN and then converted to monolithic
carbon after controlled pyrolysis.
Later, the work was extended to water based technology by borrowing chemistry
from emulsion polymerization. 73 Upon pyrolysis at 2300 °C, we start observing formation
of graphitic ribbons. The significance of this part of my work is related to the growing
awareness of the environmental impact of chemical processing and the unavoidable
transition from a growth to a sustainable economy. Emulsion polymerization is not
typically used for gels, and by and large for aerogels. With relatively high concentration
of monomer (AN), crosslinker (EGDMA or HDDA) and surfactants, the process yields
relatively large, by aerogel standards, ·primary particles that form large pores, thus
reducing the surface tension forces and wet-gels are dried into aerogels from water under
ambient pressure. Acrylontrile (AN) was specifically chosen, because it comprises the
main non-phenolic source of carbon. Emulsion-derived PAN aerogels are pretty similar
materials to their conventional solution-polymerization derived counterparts prepared for
comparison. After aromatization and carbonization at 800 °C, the derived amorphous
carbons are identical, irrespective of the process they came from and the only differences
(mainly in surface areas and electrical conductivity) are traced to the crosslinker. Shorter,
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more rigid EGDMA yields 800 °C carbons with higher surface areas but lower electrical
conductivity than longer, more flexible HDDA. By 1600 °C, all samples consist of
~97.5%

carbon and have developed microporosity, attributed to a self-etching mechanism

(C+C0 2

~

2CO). By 2300 °C, samples are >99.5% carbon and by HRTEM show ribbon-

like graphitic structures. By XRD and Raman, carbons from EGDMA-crosslinked PAN
show higher order than those from HDDA-crosslinked samples. Remarkably, even
though the crosslinker itself has been lost by 800 °C, there seems to be a memory effect
whereas its molecular rigidity is transferred all the way to 2300 °C , and is imprinted upon
the molecular structure of the graphitized samples.
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Poly(3 ,4-ethylenedioxythiophene ), PEDOT, films are used as antistatic coatings
on electrically insulating substrates such as plastic and glass. A novel method for the
synthesis of conducting PEDOT films on insulators relies on sol-gel chemistry to attach a
di-Si(OEth functionalized free radical initiator (AIBN) on oxidized surfaces, followed by
attachment of 3,4-(vinylenedioxy)thiophene (VDOT: an analogue to EDOT susceptible to
radical addition through its vinylenedioxy group) and oxidative co-polymerization (with
FeC1 3 )

of surface-confined VDOT with

3,4-ethylenedioxythiophene

(EDOT).

In

conjunction with classical photolithography, the method yields thin ( -150 nm) yet
compact, pinhole-free (electrochemically), hard (>6H), extremely adhesive

(58),

patterned, highly conducting (52 mho cm- 1) films. The process is applied mainly on glass
but it works equally well on oxidized metal surfaces (aluminum, steel, Pt) and is also
demonstrated with conventional poly(styrene) and poly(methylmethacrylate) films.

I. Introduction

Improved adhesion of polymeric films on surfaces increases their useful lifetime
and can be brought about by non-covalent interactions (e.g., electrostatic, dipolar, van der
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Waals), but most effectively by covalent bonding between the polymer and the substrate. 1
The latter approach may be particularly beneficial to conducting polymers (e.g.,
polypyrroles, polythiophenes, polyaniline ), which are used commercially mainly as
antistatic coatings, but also as hole injection layers (HIL) in organic light emitting diodes
(OLED)

and solar cells, as

electrodes

in electrolytic

capacitors,

in

thick-film

electroluminescent panels, in organic thin film transistors and in printed boards in lieu of
direct metallization. 2 -4
In that regard, J aehne used phosphonic acid functionalized pyrrole for binding to
oxidized substrates (Ti/Ti0 2 , Ta/Ta2 0

5

and Al/Ah0 3 ), 5 ' 6 while Lahaye demonstrated

chemisorption of acrylate-functionalized pyrrole on electrode surfaces by electrochemical
methods. 7 In terms of covalent bonding, Fabre,x-Jo and othcrs 11 have used organolithium
reagents [e.g., 5-(N-pyrrolyl) pentyllithium, and 2-thienyllithium] to bind pyrrole and
thiophene on silicon via reaction with hydrogen-tenninated silicon surfaces. However,
the most commonly used approach involves binding to oxidized surfaces (glass, metal,
Si0 2 ) through silane coupling agents of the type (R0)3-Si-R', whereas RO- is an alkoxy
group and R' is either a monomer for a conducting polymer (typically N-substituted
pyrrole), or an organofunctional group that links the coupling agent to the monomer.
Under reaction conditions akin to sol-gel chemistry, the RO- groups of the coupling agent
condense with hydroxyl groups on the surface of oxidized substrates and modify them
with R'. 12 - 14 Thus, in 1982 Wrighton used N-linked trimethoxysilane functionalized
. 1y b y ot h ers. J(>-Jt)
pyrrole, I -s and that para d.1gm h as b een pursue d active

Here, drawing from our previous work on coating conformally three-dimensional
assemblies of silica nanoparticlcs with polymers using surface initiated polymerization
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(SIP), 20 we use R'=2,2 '-azobisisobutyronitrile (AIBN) and introduce an alternative
method for coating glass and oxidized metals with polymers. For this, a bidentate free
radical initiator, Si-AIBN, is attached covalently to a surface, and upon heating it induces
"grafting from" polymerization of monomers in contact with the surface? 1 The method is
predicated on the fact that polymers are end-capped with an initiator fragment.
Experimental parameters are worked out with poly(methylmethacrylate) (PMMA) and
poly(styrene) (PS). Subsequently, the findings are used to improve the adhesion of
poly(3,4-ethylenedioxythiophene), PEDOT, arguably the most successful commercially
conducting polymer manufactured and marketed by Bayer under the trade name Baytron®

P as an aqueous solution of the poly(styrenesulfonate), PSS, salt of its oxidizedconducting form for use in anti electrostatic coatings. 22

Si-AIBN

Since EDOT is not polymerizable by a free radical process, we use EDOT
bifunctional

analogues,

3,4-(vinylenedioxy)thiophene

(VDOT),

or

3,4-

bis(vinyloxy)thiophene (BVOT), which have free radical reactive sites and a thiophene
moiety that can be co-polymerized oxidatively with EDOT. 23
Overall, the process of applying VDOT -EDOT films involves simple sol-gel
chemistry and chemical oxidation, and can be integrated easily with conventional
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microfabication methods as demonstrated herewith with robust photolithographic
patterning. Being covalently bonded to the substrate, the resulting VDOT -EDOT films
are mechanically robust, hard, extremely adhering to the underlying surface, while they
show similar electrically conductivity to PEDOT/PSS films obtained from Baytron® P.
free radical
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2. Results and Discussion
Covalent attachment of polymers to surfaces can be carried out either by "grafting
to" or by "grafting from" methods. In both cases, prior to coating, the surface needs to be
modified with an appropriate functionality.

In the "grafting to" approach bulk

polymerization is carried out m the solution in contact with the surface; then ,
periodically, randomly growing polymeric chains engage the surface functionality and
get attached to the substrate. The bulk of the polymer though is formed in the solution,
hence the method is not appropriate for high value added monomers. Thus, here we have
opted for a "grafting from" approach using a free radical polymerization method and
reasoning that by employing a bidentate free radical initiator all polymer should be
confined on the surface, and precious unreacted monomer could be recovered. Clearly,
this approach is based on the fact that in free radical polymerization polymeric chains are
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capped with an initiator fragment. As a suitable initiator for that purpose we use Si-

AIBN, which is synthesized in one step from 2,2 '-azobiscyanovaleric acid and 3aminopropyltriethoxysilane (APTES) as described before. 20 Si-AIBN was stored as a
THF stock solution, which was typically applied on glass slides by spin coating (see
Experimental). Films were aged in the dark and their thickness was found at around 350
nm (by Dektak profilometry, Figure 1.) For its own merit, but also in order to work out
experimental details, the method was first applied successfully on conventional polymers
such as polystyrene (PS) and polymethylmethacrylate (PMMA), and only then onto high
value added conducting PEDOT films. In all cases, 2 "x2" glass slides have been used as
substrates, even though PS or PMMA films have been also grown onto oxidized metal
surfaces.

2.1 Control case: PMMA and PS films on Si-AIBN modified glass. For this, two
methods were followed. The first involves dipping and incubating initiator coated glass
slides in solutions of the monomer, while the second one involves spin-coating of a
viscous prepolymer solution on top of the initiator layer followed by heating. For control,
glass slides with no initiator were spin-coated with the prepolymer solution and heated. In
all cases, slides were sonicated in toluene at the end. No polymer layer was visible on the
control slides. Initiator bearing slides appear macroscopically uniform, and profilometry
shows that the prepolymer route yields thicker films (up to 4000 nm) than incubation in
monomer solutions (150 nm, see Figure 1). The chemical identify of the films was
c onfirmed w ith IR sp ectroscopy (Figure 2) by scrapping the material accumulated on the
g lass slides . No featur es associated with the glass substrate, or the initiator are visible.
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The adhesion of the polymer films on the glass slides is exceptional: a Tape Test
(ASTM Designation: D 3359-97) that calls for drawing with a sharp object I 00 squares
( 1 mm 2 each) on the film and counting the number of squares surviving after the test,
showed that all 100 squares survived, while no squares remained on the surface from a
control film made from a prepolymer solution on a clean, initiator-free slide. (For that
control experiment, the film was not washed at the end.) Clearly, the different adhesion
characteristics have to be attributed to initiator (Si-AIBN) mediated covalent bonding of
the polymer films to the substrate.
A macroscopic visual confirmation of the adhesion of the polymer, with further
implications in terms of integrating this process with classical microfabrication, was
conducted as follows: a 2 "x2" glass slide was partially masked with a tape through its
middle before spin-coating with the initiator solution. Subsequently, the tape was
removed and the slide was processed with the viscous prepolymer as above. At the end,
the slides were dried and sputter coated with Au. Ultrasonication in toluene dissolves the
non-covalently bonded polymer film from the initiator-free zone and lifts off the Au layer
above. Over the initiator bearing zones, the polymer together with its Au coating survived
sonication completely. Figure 3 shows the results and suggests that films derived by this
method can withstand some ofthc most-harsh conditions used in microfabrication.
2.2 Electrically conducting polymer films on glass via SIP. Among common
conducting polymers, polyaniline is conducting in its two-electron oxidized, doubly
protonatcd form (cmeraldinc salt) and is sensitive to acids and bascs. 24 On the other hand,
polypyrroles have limited shelf-life, 25 while polythiophencs appear the most versatile. 23
Yet, the long-term stability of polythiophencs is compromised by the fact that the
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oxidized-conducting form is susceptible to nucleophilic attach in the 3- and 4. .

positions,

26

as for example by water,

environmental

instability.

Preventing

leading to degradation and therefore to

nucleophilic

attack

at

those

positions

by

substitution is a viable option, and thus poly(3-methylthiophene) Is much more stable
than polythiophene, and in fact is used in devices (e.g., transistors) submerged in water. 27
The ultimate stability, of course, would result by blocking both the 3- and 4- positions,
however, methyl hydrogens in poly(3,4-dimethylthiophene) get on the way of one
another, forcing adjacent thiophenes out of the planarity required for extended
conjugation and electrical conductivity. Thus, in the spirit used frequently in similar
situations (e.g., aromatization of [10]annulene, 2 x or synthesis of dodecahydro-3a,9adiazaperylene -

the most easily oxidizable p-phenylenediamine, 29 EDOT has been

designed to eliminate such steric restrictions and PEDOT turns out the most successful
commercially conducting polymer.
Thus, although in analogy to styrene m Section 2.1, 3-vinylthiophene would
probably be sufficient to demonstrate the properties of a conducting polythiophene film
covalently attached to a substrate via SIP, nevertheless the utility of such films would be
limited, hence it was deemed appropriate to work with PEDOT for the reasons outlined
above. As all thiophenes, EDOT is polymerizable through oxidative coupling in the 2and 5- positions (not a free radical process). Typically, bulk oxidation of EDOT is carried
out with FeC1 3 ; 30 since the polymer is formed in its oxidized state, the colorless-clear
EDOT solution turns opaque-blue. Since EDOT cannot be attacked by radicals, we
resorted to VDOT (although similar results have been obtained with BVOT as well).
Clearly, as far as the oxidizable (conducting) moiety (thiophene) and its substitution
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pattern are concerned, EDOT and VDOT are equivalent.

Indeed, electrochemically

(Figure 4) both EDOT and VDOT show an identical oxidation onset in acetonitrile at 1.2
V vs. Ag/AgCl. Unlike EDOT, however, VDOT carries an isolated double bond prone to
radical addition.

Scheme 1. Synthesis of VDOT and BVOT
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VDOT was synthesized from thiophene in satisfactory yields by modification of
literature procedures according to Scheme 1. 3 1- 35 It is noted that traditionally synthesis of
EDOT is a five-step process, 36 but more recently a convenient synthesis has been
described through a common intermediate with VDOT, namely compound 4 (3,4dimethoxythiophene) ,37 so that the overall synthesis of VDOT is only two more steps
longer than the shortest route to E DOT.
Based on the fin d ings w ith PS and PMMA, neat VDOT (or BVOT) was applied
and spread even ly with a brush over g lass slides, spin-coated with the initiator (SiA JBN) . However, after heating, aging and FeC1 3 treatment, VDOT -modified glass slides
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failed to give the characteristic blue color expected from the oxidized-conducting form of
the polymer, and indeed the substrate remained electrically insulating.

At that point it

was reasoned that the random, but fairly rigid stereochemical arrangement of the
thiophene moieties on the glass surface (refer to Scheme 2) was preventing them from
reaching and coupling with one another via their 2- and 5- positions. Since, however,
VDOT and EDOT have the same onset for oxidation (Figure 4), the gap between surface
immobilized VDOT moieties could be bridged by co-polymerization with EDOT in a
"grafting-to" approach, by simultaneous FeCh-oxidation of both moieties. The resulting
films would remain covalently bonded to the substrate via VDOT (Scheme 2) and
therefore should be extremely robust.

Scheme 2. Co-polymerization of VDOT and EDOT on a surface. (Depicting three EDOT
bridging moieties is arbitrary and is used only for illustration.)
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Scheme 3 summarizes the practical implementation of the process outlined above,
and includes patterning of the resulting films by classical positive resist photolithography.
Thus, dipping a colorless VDOT modified glass slide in a FeCh solution in acetonitrile,
followed by addition of EDOT produced an opaque-blue solution and left a deep blue
coating on the VDOT -modified glass slide. Brief ultrasonication in acetonitrile removed
all loosely held polymer from the glass slide, leaving behind a transparent light-blue

31

coating that is not affected by further ultrasonication (even lasting for several hours). The
films are both macroscopically (Figure 5) and microscopically (Figure 6) uniform. By
profilometry, the film thickness was similar to what was measured for PMMA and PS
films obtained by incubation of Si-AIBN modified glass slides in the monomer solutions
(about 150 nm). Patterning is carried out by applying photoresist to protect the areas
where the film is intended to survive, followed by etching (with HF) the photoresist
unprotected areas (Scheme 3). Remaining photoresist over the blue film is removed with
acetone. A photograph of a typical patterned film, made using a photomask from
previous studies, 38 is included in Figure 5.

Scheme 3. Process summary for applying covalently bonded, conducting VDOT -EDOT
films on glass and photolithographic patterning
Glass substrate

~

spin-coat Si-AIBN / THF

~

VDOT, heat at 70 °C

i

EDOT, FeCI 3

l

1) expose, 2) develop
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Control slides were prepared by replacing VDOT with EDOT in the process of
Scheme 3. No blue deposit was visible on those surfaces, suggesting the absence of a
thiophene film. Indeed, XPS analysis shows no sulfur (Figure 7 A), whereas sulfur is
prominent in films obtained by the VDOT process (Figure 78).
The quality of the VDOT -EDOT films was evaluated at the nanoscop1c level
electrochemically. Figure 8 compares the electrochemical response towards ferrocene
oxidation of a Pt-coated glass slide, an initiator-modified Pt-coated glass slide, and a
VDOT -EDOT film applied by the process of Scheme 3 on an initiator-modified, Ptcoated glass slide. The Pt-coated glass slide shows the expected diffusion-controlled
redox wave of ferrocene (Figure 8A). Pt can be surface-oxidized and the oxide film may
be used for the covalent attachment of (RO)JSi-terminated moieties like Si-AIBN. 39 The
ferrocene wave is still detectable on such initiator-modified Pt-coated glass slides, albeit
greatly reduced, suggesting the presence of only a few defects (pinholes) (Figure 88). On
the other hand, the ferrocene wave is completely absent from the VDOT -EDOT filmcoated slide (Figure 8C) suggesting that all pinholes in the sol-gel initiator layer have
been blocked. Interestingly, no redox wave associated with the VDOT-EDOT film is
observed either, suggesting either that the polymer is suspended at a distance from the
conducting Pt surface over pinholes (note that through-space electron transfer is slow), or
that charge-compensating ions do not penetrate the film (more accurately: diffuse through
the film) within the lifetime of the experiment. For all practical purposes, films are
pinhole free.
Finally, VDOT -EDOT films were evaluated for their electrical conductivity,
adhesion and hardness in comparison to PEDOT/PSS films obtained by spin-coating of
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commercial Baytron® P on similar 2 "x2" glass slides. Table 1 summarizes the results.
The conductivity of typical VDOT -EDOT films was measured with a four-point probe
and it was found at 52 mho cm- 1, comparable to that of PEDOT/PSS films of similar
thickness ( 150 nm). Again, similarly to the results obtained with PMMA and polystyrene
films, VDOT -EDOT films show excellent adhesion retaining all 100 squares of the grid
after a tape adhesion test, while the entire PEDOT/PSS film was lifted completely. The
film hardness, evaluated by a pencil test (ASTM D 3363-00), was found higher than 6H,
while that of the PEDOT/PSS films was just at the HB level. For further comparison, the
hardness of poly-3-methylthiophene films has been found <6B, while by introducing
molecular crosslinking at the monomer level prior to electropolymerization via
esterification of 3-(3-thienyl)ethanol and 3-thienylacetic acid the hardness improved only
up to the 3H level. 40

Table 1. Selected properties of the VDOT -EDOT films of this study in comparison to
those of PEDOT/PSS films applied from commercial Bay tron® P under similar
conditions (spin-coating)

Film Type
Property

Thickness (nm)
Conductivity (mho cm-1)
Adhesion (ASTM D 3359-97)
Pencil Hardness (ASTM D 3363-00)

VDOT-EDOT
(this study)

150
52
5B a
> 6H

PEDOT/PSS
(Baytron® P)

150
59
OB b
HB

According to ASTM D 3359-97, 5B means that the edges of the cuts are completely smooth;
none of the squares of the lattice is detached . b. According to the same standard, OB means that
the coating has flaked along the edges of cuts in large ribbons and whole squares have detached.
The area affected is more than 35 to 65% ofthe lattice. In this case it was 100%.
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3. Experimental
3.1 Materials. Thiophene, bromine, methylene chloride and !-butanol were purchased
from Acros and were used as received unless noted otherwise. Chloroform, nbutyllithium (2 M solution in hexane), anhydrous DMF, anhydrous methanol, 2iodoethanol

and

Tetrahydrofuran

potassium
(THF),

t-butoxide,

diethyl

ether,

were
sodium

used

as

received

hydroxide,

cuprous

from

Aldrich.

bromide,

p-

toluenesulfonic acid, toluene, sodium sulfate, and sodium bisulfite were purchased from
Fisher Scientific. t-Butanol and diethyl ether were dried by refluxing over sodium metal
(from Fluka) for 3 h followed by distillation. THF was dried by refluxing over lithium
aluminum hydride for 3 h followed by ditrillation. Cuprous bromide was dried in an oven
at 200

oc

for 12 h before use. Toluene was dried by refluxing over phosphorous

pentoxide for 3 h followed by distillation. Styrene and methyl methacrylate (MMA) were
purchased from Aldrich Chemical Co., washed with 5% sodium hydroxide solution to
remove the inhibitor, and purified by distillation under reduced pressure. N 2 was obtained
from BOC Gases, Murray Hill, N.J. supplied locally by Ozarc Gas. Si-AIBN was
prepared as reported before, and was stored as a 0.112 M

solution in THF. 20

Tetrabutylammonium perchlorate (TBAP) was also prepared as described before. 41

3.2 Synthesis of 3,4-(vinylenedioxy)thiophene (VDOT). VDOT was synthesized by
modification of literature procedures as follows (Scheme 1). 31 - 35
3.2.a Synthesis q{ tetrabromothiophene (2). Thiophene (14.0 mL, 0.175 mol) was added
to chloroform (7 mL) in a three-necked flask. Bromine (38.5 mL, 0.699 mol) was added
slowly with a dropping funnel over a period of 3-4 h while the temperature was
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maintained below 5 °C with an ice bath. After the addition of Br2 was complete, the
temperature was raised and the reaction mixture was refluxed for 3-4 h. At the end of this
period, the reaction mixture was allowed to cool to room temperature and 35 mL of a 2M
NaOH aqueous solution was added carefully. The organic layer was collected, dried with
anhydrous Na 2 S0 4 , concentrated with a rotary evaporator and cooled below 5 °C to
induce precipitation of the product. This solid was collected, dissolved in CH 2 Cb,
washed with saturated solution of sodium bisulfite to remove unreacted bromine and
recrystallized from hexane. White crystals of tetrabromothiophene were collected and
dried under vacuum. Yield: 53.10 g (80%); mp 112-114 °C (lit. 35 115 °C);

13

C NMR:

cS (ppm) 110.9, 116.9.
3.2.b Synthesis qf 3,4-dibromothiophene (3). Tetrabromothiophene (50 g, 0.125 mol) was

dissolved in 200 mL of dry diethylether under nitrogen in a flame dried three-neck flask.
Under ice-cold conditions, an equimolar amount of a 2.5 M n-butyllithium solution in
hexane (100 mL) was added slowly via a dropping funnel over 2-3 h. After the addition
was complete, the mixture was allowed to warm up to room temperature, it was stirred
for 1 h, and it was added into a mixture of ice-water. The mixture was extracted three
times with diethyl ether, the ether layers were combined and dried over anhydrous
sodium sulfate. Ether was removed with a rotary evaporator and the product was distilled
under vacuum as a colorless liquid. Yield: 19.95 g (66o/o); bp 86-88 °C at 8 mm Hg (lit. 35
55-56 °C at 0.75 mm Hg); 1H NMR: cS (ppm) 7.30 (s, 2H);

13 C

NMR: cS (ppm) 114.2,

124.0.
3.2.c S..vnthesis (?{3,4-dimethox.vthiophene (4). Sodium metal (I 0.8 g, 0.470 mol) was

dissolved in anhydrous methanol ( 120 mL, 3.75 mol) in a three-neck round bottom flask
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maintained below 5 °C with an ice bath. After the addition of Br2 was complete, the
temperature was raised and the reaction mixture was refluxed for 3-4 h. At the end ofthis
period, the reaction mixture was allowed to cool to room temperature and 35 mL of a 2 M
N aOH aqueous solution was added carefully. The organic layer was collected, dried with
anhydrous Na2 S0 4 , concentrated with a rotary evaporator and cooled below 5

oc

to

induce precipitation of the product. This solid was collected, dissolved in CH 2 Ch,
washed with saturated solution of sodium bisulfite to remove unreacted bromine and
recrystallized from hexane. White crystals of tetrabromothiophene were collected and
dried under vacuum. Yield: 53.10 g (80%); mp 112-114 °C (lit. 35 115 °C);

13 C

NMR:

8 (ppm) 110.9, 116.9.
3.2.b Synthesis of 3,4-dibromothiophene (3). Tetrabromothiophcne (50 g, 0.125 mol) was
dissolved in 200 mL of dry diethylether under nitrogen in a flame dried three-neck flask.
Under ice-cold conditions, an equimolar amount of a 2.5 M n-butyllithium solution in
hexane (100 mL) was added slowly via a dropping funnel over 2-3 h. After the addition
was complete, the mixture was allowed to warm up to room temperature, it was stirred
for 1 h, and it was added into a mixture of ice-water. The mixture was extracted three
times with diethyl ether, the ether layers were combined and dried over anhydrous
sodium sulfate. Ether was removed with a rotary evaporator and the product was distilled
under vacuum as a colorless liquid. Yield: 19.95 g (66%); bp 86-88 °C at 8 mm Hg (lit. 35
55-56 °C at 0.75 mm Hg); 1H NMR: 8 (ppm) 7.30 (s, 2H);

13 C

NMR: 8 (ppm) 114.2,

124.0.
3.2.c Synthesis qf"3,4-dimeth(nythiophene (4). Sodium metal (1 0.8 g, 0.470 mol) was
dissolved in anhydrous methanol ( 120 mL, 3. 75 mol) in a three-neck round bottom flask
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under nitrogen m an Ice bath. DMF (I 00 mL) was added to the solution and the
temperature was raised to 110

oc

where methanol was distilled and was collected in a

dean-stark. The mixture was allowed to cool down to room temperature and CuBr ( 11.84
g, 0.083 mol) and 3.4-dibromothiophene (20 g, 0.083 mol) were added. The temperature
was raised again to 110

oc and was maintained at that level

for 5 h. The progress of the

reaction was monitored by TLC. Once the reaction was complete, the mixture was
allowed to cool down to room temperature, water (I 00 mL) was added under stirring, and
the product was extracted with diethyl ether (three times). The ether layers were
combined and dried over anhydrous sodium sulfate. Ether was removed with a rotary
evaporator and the residual oil was distilled under vacuum to obtain a colorless liquid.
Yield: 6.16 g (52%); bp 96-98 °C at 8 mm Hg (lit. 35 58-62 °C at 0.53 mm Hg); 1H NMR:
8 (ppm) 3.84 (s, 6H), 6.18 (s, 2H);

13 C

NMR: 8 (ppm) 57.3 ( -OCH3), 96.1, 14 7.6.

3.2.d Synthesis of 3,4-di(iodoethoxy)thiophene (5). 3,4-Dimethoxythiophene (0.5 g, 3.33

mmol), toluene (10 mL), PTSA (0.133 g, 0.77 mmol), and 2-iodethanol (0.62 mL, 7.95
mmol) were added in a three-neck flask under nitrogen. The mixture was rcfluxed for 30
h and the progress of the reaction was monitored by TLC. Once the reaction was
complete, the solid product was collected and passed through a silica column eluted with
CI-1 2 Ch/hexane (7:3 v/v). All solvents were removed with a rotary evaporator and the
product was collected as a yellow solid. Yield: 0. 70 g (48%); mp 85-88 °C (lit. 33 86 °C);
1H

NMR: 8 (ppm) 3.42 (t, J= 7.4 Hz, 4H ). 4.25 (t, J

=

7.4 Hz, 4H ). 6.26 (s. 2H);

13 C

NMR: 8 (ppm) 0.5 ( -CH 21). 71.0 ( -OCH2- ). 99.4. 145.9.
3.2.e S)'llthesis (!(3.4-his(vinyhny)thiophene (BVOT). 3,4-Di(iodocthoxy)thiophene ( 1.00

g, 2.35 mmol). /-butanol ( 10 mL) and potassium t-butoxide (0.5782 g, 5.162 mmol) were
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refluxed in a three-neck flask for 40 h under nitrogen. The progress of the reaction was
monitored by TLC. A white solid was formed during this reaction. After addition of
water, the mixture was extracted three times with CH 2Ch. All organic phases were
collected and dried with anhydrous magnesium sulfate. The solvent was removed with a
rotary evaporator and the product was passed through a silica gel column eluted with
CH 2Ch/hexane (1: 1, v/v). All solvents were removed with a rotary evaporator and the
product was obtained as a pale yellow liquid. Yield: 0.33 g (84%); bp 181-190 °C (in a
sealed capillary tube; polymertized); 1H NMR: 8 . ppm

4.45 (dd, J = 6.0 Hz, 2.0 Hz,

2H), 4.81 (dd, J = 11.8 Hz, 2.0 Hz, 2H), 6.54 (s, 2H), 6.60 (dd, J = 11.8 Hz, 6.0 Hz, 2H);
13 C

NMR: 8 (ppm) 95.3 (=CH 2), 103.8, 144.3 (-OCH=), 148.5.

3.2f Synthesis of 3,4-(vinylenedioxy)thiophene (VDOT). 3,4-Bis(vinyloxy)thiophene (600
mg, 3.57 mmol) and 2"d generation Grubbs catalyst (75.78 mg, 2.5% mol ratio over
BVOT) were added in 36 mL of dry and N2-degassed toluene. The reaction mixture was
refluxed for 18 h, cooled and filtered. Solvents were removed with a rotary evaporator
(<40 °C). The crude product was purified on preparative TLC plates (silica gel, 1000 JJ.m,
20x20 em, Analtech), eluted with hexane/CH2Ch (60:40 v/v). The pure product was
isolated as a viscous yellow oil. Yield: 0.330 g (67%); bp 130-140 °C (polymerized); 1H
NMR: 8 (ppm) 5.91 (s, 2H), 6.26 (s, 2H);

13 C

NMR: 8 (ppm) 101.2, 125.2 (-OCH=),

176.3.

3.3 Preparation of polystyrene (PS) and polymethylmethacrylate (PMMA) films on
glass surfaces. Gl:l'-'- -._!,d~_·-._ (.2
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agam in water for 2 min. Slides were bench-dried in \ertictl po~lllllll for 24 h. The Till·
stock solution of .\·i-A/8.\' \\~IS applied

l\\l)

times

Oil tllO~L' gla~s slilk~

by spin L'(l<Jting

(30 sec at 1500 rpm). Such 5ii-AIB.V modified glass slides were aged in thL' darh. for 24 h
before rurther processing. PS and PMl\L\ films \\erL' gnmn in two \\ays: from llllH1PlllL'r
solutions or ti·01n prepolymcrs.

3.3.a Preparation ofPS and PPMAfilmsfrom monomers Si-AIBNmodified glass slides

were dipped in 50 mL of neat monomer (MMA or styrene) in a 500 mL airtight container
at 70 °C for 12 h. At the end of this period, glass plates were untrasonicated in toluene
and bench-dried. As a control, glass plates without Si-AIBN modification were heated in
the monomer and processed in the same manner.
3.3.b Preparation of PS and PPMA .films from prepolymers. A 50:50 v/v solution of

inhibitor-free MMA in toluene, or inhibitor-free styrene'' L'rc hL'<IlL'd

~L'I):1r:1tdy :11

130

oc

in closed containers for 6 h with no initiator. At the end of this period, those freshly
prepared viscous polymers were applied on Si-AIBN modified glass slides by spincoating for 30 sec at 1500 rpm. The films prepared by this method were cured for 6 h at
70 °C, followed by ultrasonication and bench-drying. Again as a control, glass plates
without Si-AIBN modification were processed in the same manner.

3.4 Preparation of VDOT -EDOT films on glass surfaces and photolithographic
patterning. Vf)( n-
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concentration .:"0 ml'v1. The container\\ a~ manually agitated and after I 0 min. the glass
~I ides\\

erL' remmcd.

w~1~hed

with ('I I ;CN and uhrasonicated in fresh ('I I,( 'N lor I min.

To the ahme prepared blue VDOT-FDUT films. pu-..itin'

photore~iq

(Shipky l\kg<lposit

SPR 510-A) \•;as applied by spin coating ( 1500 rpm. 45 s. acceleration rate
fnllowed by soft-baking ;1t 100 C

l~ll·

or 200

rps)

2 min in a con\cction o\en. The plwtoresi-..t was

contact-ex posed through a mask aYai lahk from pre,·ious \\ ork;" to the ll111g \\ <l\ ekngth
(J6.:" nm) of a hand-held UV source for 20 min. The exposL'd resist \\ <Js de\ eloped with a
photoresist den? Ioper (Shipley 1\.licroposit 1\.tF -.112) ka\ ing behind thL' cksirahk pattern
m·cr the VDOT-EDOT polymer tilm. Other cktails rdatcd to thL' plwtolithographic
process can be ti.nmd in reference 3X. Finally. \"DOT-FDOT film" L'l)ated '' ith p<~tlL'rncd
photoresist were dipped in a l0°u \\.\\HI· Stllution

I~H· X-10

s rcllHl\ing the phlliOrL·sist-

unprotcciL'd blue tilm. The remainint! photoresist "<ls rcllhl\ L'd \\ ith <JL'elllne. k<l\ ing
hd1ind

;1

p<lllcrned co'<lkntl) hlllllkd C!llllluctillg pulymcr film ()f \"1)( )J-LD<rt lln the

glass slide. Photolitlwgraphy L·Pndul:ted in a -,imildr m<~nner (ln plain glass dPC'- nut form
any pattern. confirming that HF treatment undLT llUr nmditiun-, L'tchL''- onh the sol-gel
film.

3.5 Methods. Intermediates along the VDOT synthesis and also Si-AIBN were
characterized by 1H and

13 C

NMR in CDCb using a 400 MHz Varian Unity Inova NMR

instrument. Film thicknesses were measured with a Dektak II profilometer by scratching
notches on their surfaces with a razor blade. Infrared spectra were obtained with a
Nicolet-FTIR Model 750 Spectrometer in KBr pellets with samples collected by
scrapping off films from their substrates. Four-point-probe conductivity measurements
were conducted using an Alesis contact probe station Model CPS-06 with a Cascade
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Microtech electrode Model C4S-44/5S. The reliability of the probe was confirmed with
commercially available silicon wafers and indium-tin-oxide films of known sheet
resistance. XPS spectra were obtained using a Physical Electronics Model 548
ESCA/Auger spectrometer. Scanning electron microscopy was conducted with films
coated with Au using a Hitachi S-4700 field emission microscope.

The redox

characteristics of the monomers (VDOT and EDOT) were evaluated with standard
millielectrode cyclic voltammetry with a Pt disk electrode (2 mm diameter) in
CH 3 CN/O.l M TBAP and an EG&G 263A potentiostat controlled by the EG&G model
270/250 software. The quality of VDOT-EDOT films (in terms of pinholes) was also
evaluated electrochemically, using Cr/Pt sputter coated glass slides and ferrocene (3 mM)
I CH 3 CN/O.l M TBAP as a reference redox system. The films were also characterized for

adhesion according to ASTM D3359-97 using a Scotch Tape from 3M as specified by the
standard. For this purpose, a 1Ox I 0 grid of cuts was made on the surface of the film using
a blade and then scotch tape was applied on the grid making sure that there are no air
bubbles between the tape and the grid. The tape was pulled off rapidly and the number of
squares that came off determined the adhesion of the film. Film hardness was determined
according to ASTM D 3363-00 standard test method for film hardness by pencil test.

4. Conclusion
Polymer films need to be applied on surfaces for a variety of applications.
Improving their adhesion is of technological significance in terms of increasing their
useful lifetime or their survivability in adverse environments. Physically adsorbed films
arc the most delicate, and they may become more robust by molecular crosslinking of the
polymeric chains; 40 but ultimately, the best approach is to introduce covalent bonding
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between the film and the substrate. Here, reasoning that all polymer chains are capped
with initiator fragments, the advantages of covalent bonding with the substrate were
demonstrated by attaching covalently a free radical initiator on the surface to be coated.
At that point, coating glass with polystyrene or PMMA was rather straightforward. In
addition to glass, similar films have been applied to metals (e.g., aluminum, steel) and
may serve as protection against corrosion. However, the power of this approach is that by
judicious choice of the monomer, in combination with follow-up chemistry, the method
can be extended to polymeric systems that typically elude covalent attachment to surfaces
such as thiophenes and most notably EDOT. The resulting films show superior adhesion,
solvent resistance and hardness. Consequently, it was also demonstrated that their
processing can be integrated with conventional photolithography without compromising
their electrical conductivity relative to physically attached commercial products.
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F ig ure 1. Profilometry of: (A) a Si-AIB N film sp in-coated on a g lass surface; (B ) a
PMMA film formed by dipping a film as in (A) in a MMA solution (to luen e); and , (C) a
PMMA film formed by spin-coating a film as in (A ) with a PMMA pre-polymer (see
Experimental).
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Figure 2. FTIR spectra ofPMMA and polystyrene scrapped off films as in Figure lB.
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Si-AIBN free zone

Au on PS

Figure 3. Au sputtered on polystyrene-coated glass slides after lift off by untrasonication
in toluene. Left: The clear zone was not derivatized with Si-AIBN prior to polystyrene
deposition from a prepolymer (see Experimental); polystyrene and its Au-coating survive
only over areas where polystyrene is covalently bonded to the substrate via Si-AIBN.
Right: a similar slide, processed in parallel to the one at left, with uniform initiator
coating.
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Figure 4. Cyclic voltammetry at 0.1 V s-1 with a Pt electrode (0.0314 cm 2 ) in Ardegassed, 0.1 M solutions of VDOT and EDOT in acetonitrile containing 0.1M TBAP as
supporting e lectrolyte.

49

·.r\

,t ~~I
~

I

I

...

,_

,_

D•tanu(....,l

Figure 5. Optical photographs ofBVOT-EDOT films on 2 "x2 " glass slides obtained by
the process outlined in Scheme 3. Left, before; Right, after photolithographic patterning.
(Inset: Dektak profilometry on the patterned substrate.)
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F ig ure 6. SEM at two different magnifications of a VDOT -EDOT film obtained by the
process of Schemes 2 and 3.
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Figure 7. XPS analysis of Si-AIBN modified glass slides processed according to Scheme
3. (A) Control slide where VDOT was replaced by EDOT; (B) VDOT -EDOT film.
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Figure 8. Electrochemistry at 0.1 V s-1 of ferrocene (3 mM) in an Ar-degassed
CH 3 CN/0.1 M TBAP solution, using: (A) aPt-coated glass slide (~0 . 7 cm 2 ). (B) Si-AIBN
modified, Pt-coated glass slide; (C) a VDOT-EDOT film on a Si-AIBN modified, Ptcoated glass slide.
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SiC retains high mechanical strength and oxidation stability at over 1500 °C
comprising a viable alternative to silica, alumina and carbon that have been in use as
catalyst supports for over 60 years. Preparation of monolithic porous SiC is usually
elaborate and porosities around 30% v/v are typically considered high.

This report

describes the synthesis of monolithic highly porous (70% v/v) SiC by carbotherrnal
reduction (1200-1600 °C) of 3D sol-gel silica nanostructures (aerogels) conformally
coated and crosslinked with polyacrylonitrile (PAN) . Synthesis of PAN-crosslinked silica
aerogels is carried out in one pot by simple mixing of the monomers, while conversion to
SiC is carried out in a tube reactor by programmed heating. Intermediates after
aromatization (225 °C in air) and carbonization (800 °C under Ar) were isolated and
characterized for their chemical composition and materials properties. Data are
interpreted mechanistically and were used iteratively for process optimization. Solids 29 Si
NMR validates use of skeletal densities (by He pycnometry) for the quantification of the
conversion of silica to SiC. Consistently with the topology of the carbotherrnal process,
data support that complete conversion of Si02 to SiC requires a higher than the
stoichiometric C:Si0 2 ratio of 3. The morphology of the SiC network is invariant of the
processing temperature between 1300 °C and 1600 °C, hence it is advantageous to carry
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out the carbothemal process at higher temperatures where reactions run faster. Samples
consist of pure polycrystalline /3-SiC (skeletal density: 3.20 g cm- 3 ) with surface areas in
the range reported previously for biomorphic SiC (~20 m 2 g- 1 ) . Albeit the invariance of
the micromorphology, the crystallite size of SiC increases with the processing
temperature (from 7.1 nm at 1300 °C to 16.5 nm at 1600 °C). Samples processed at 1200
°C are amorphous (by XRD), even though they consist of

~ 75%

mol/mol SiC.

This

comprises the first report of using a polymer crosslinked aerogel for the synthesis of
another porous material.
1. Introduction

Silicon carbide (SiC), a bioinrert large band-gap semiconductor, combines
hardness (9 to 9.5 in the Mohs scale), high thermal conductivity (120 W m -1 K - 1), low
thermal expansion coefficient ( 4 x 10-6 °C- I), good thermal shock resistance, high
mechanical strength I oxidation resistance at high temperatures (> 1500°) and is a viable
candidate for replacing silica, alumina, and carbon as supports for catalysts. 1' 2
Monolithic porous SiC can be prepared by sintering powders, 3 '4 which are
synthesized economically by carbothermal reduction of silica with carbon according to
the old (1891) Acheson process ( eq 1). 5 However, because of the high covalent character
Si02

+ 3 C

SiC

+ 2 CO

(1)

and strength of the sp 3 - sp 3 C-Si bonds, 6 SiC itself is basically a non-sinterable material, 7
thereby sintering is carried out reactively, usually with sintering aids (e.g., alumina,
carbon). Oxidation bonding, whereas SiC compacts are heated at 1100-1500 °C in air, can
be considered as a simple version of reactive sintering; porosities of up to 30% have been
achieved by including sacrificial (oxidizable) graphite in the compacts. 8
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Alternatively, porous SiC is obtained by shape-memory-synthesis (SMS) whereas
the product of eq 1 mimics the shape of the carbon source. 2 As it will be discussed later,
eq 1 is a complex process that starts with generation of SiO gas and CO at the Si0 2/C
interface. 5 SiC is primarily the result of the gas-solid reaction between SiO(g) and C(s). 9
Thus, SMS of porous SiC was carried out initially with SiO(g) generated independently
(e.g., by reacting Si and Si0 2) and porous carbon from various sources. 2 Since natural
materials are renewable and relatively inexpensive, SMS-conversion of biomorphic
carbon (charcoal) to SiC that retains the hierarchical porous structure of the parent wood
has been investigated extensively. 10 More economic alternatives include infiltration of
charcoal with silica sol, 11 and ultimately infiltration of wood directly with sodium
silicate, thus eliminating even the pyrolysis step of converting wood to charcoal as that
takes place in situ along the way of setting off the carbothermal process of eq 1. 12 Typical
surface areas for biomorphic SiC are about 14 m 2g- 1. The methodology ofusing charcoal
as a structure directing agent has also been extended to artificial porous graphitic
substrates. 13 The major drawback of using silica sols is the requirement of multiinfiltrations in order to bring the C:Si0 2 ratio at the stoichiometry of eq 1.
Carbon- or carbon-precursor doped silica aerogels and xerogels have been
employed as SiC precursors, not so much from a SMS perspective, but rather because of
their high surface area that would increase the contact between the two solid-state
reactants of eq 1. 14 In most instances, however, the resulting SiC is more whiskery than
particulate. Whiskers are formed via a gas-phase reaction (eq 2) between the SiO(g) and
SiO(g)

+ 3 CO(g)

SiC(s)

+ 2 C02(g)

(2)
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.
d'1ates o f eq I. 15·16·17 It seems that the porous architecture of C-doped sol( . .'0(
· g ) mterme

gel networks facilitates retention and circulation of those gases long enough to promote
cq 2 with loss of memory of the shape of the silicon and carbon sources. Whiskers though
are generally considered a health hazard and are undesirable. 2 Therefore, in order to take
advantage, mimic and maintain the monolithicity and microstructure of silica aerogels,
there seems to be a need to encapsulate Si0 2 within the carbon precursor, ensuring that all
SiO(g) generated at the interface of Si0 2 and C will pass necessarily through and will
react with the latter.
Coating silica with carbon was first reported by Koc. 1R In those experiments
fumed silica powder (Carbosil, 10 nm in diameter) was coated with pyrolytic carbon by
multiple exposures to a static propylene atmosphere at 600 °C, followed by pyrolytic
conversion to SiC at 1300-1600 °C under flowing Ar. Comparison with simple mixtures
of Carbosil with carbon black revealed that more carbon remained unreacted in the mixed
c~ I 0%

w/w) rather than in the coated systems (5% w/w), suggesting a higher loss of SiO

in the stream of flowing Ar from the mixtures. Furthermore, particle aggregation was
higher in the mixed samples while carbon in the carbon-coated samples prevented
agglomeration and allowed production of fine powders (0.1-0.3 1-1m in diameter). More
recently, Guo included Ni 2 t in Si0 2/phenolic resin sols organizing the primary colloidal
particles (I 0 nm) into large secondary grains ( 1000 nm) of phenolic resin with embedded
silica particlcs. 19 The morphology of the resulting SiC changed from whiskery (in the
absence of Ni 2 t) to particulate. The disadvantage of that approach is the residual Ni in
SiC that might limit its applications. No evidence for monolithicity was provided.
Finally, Antonietti has reported on porous SiC monoliths prepared by infiltration of
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preformed bicontinuous Si0 2 macro-/mesoporous ( 13 nm) monoliths with a THF solution
of pre-condensed graphitic precursors (mesophased pitch). 20 Drying and pyrolysis at
1400 °C yielded SiC-Si0 2 composites that after removal of Si0 2 with ammonium
hydrogenfluoride afforded SiC retaining the macro and mesoporous character of the
starting silica artifact. However, as in the case of filling biomorphic carbon with silica,
the stepwise preparation ofbicontinuous silica, infiltration and final removal ofunreacted
Si0 2 may be time-consuming from an applications perspective.
Considered together, Koc' s, Guo's and Antonietti 's studies point to the
advantages of mimicking the structure of silica rather than that of carbon in the SMS of
SiC. Those studies also suggest that for economy, methodology should be developed
whereas conformal coating of silica with the correct amount of the carbon precursor
should be carried out cleanly in one pot together with the synthesis of the monolithic
three-dimensional (3D) nanoparticulate silica

framework~

in essence, synthesis of porous

SiC should be carried out by applying click chemistry concepts. 21 The methodology for
the synthesis of 3D silica networks conformally coated with polymers exists, the resulting
monolithic 3D core-shell nanostructures are referred to as polymer-crosslinked aerogels
and they are pursued for their outstanding mechanical properties. 22 Here, this comprises
the first report where a polymer crosslinked aerogel is employed as the precursor for the
synthesis of another porous material. Conveniently, the crosslinking polymer of choice is
polyacrylonitrile (PAN), which is used industrially for the pyrolytic manufacture of
carbon fiber for automotive and aerospace applications. 23
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2. Experimental Section
Materials. All reagents and solvents were used as received unless noted otherwise.
Anhydrous tetrahydrofuran (THF) was prepared by pre-drying HPLC-grade solvent over
NaOH followed by distillation over LiAlH 4 . Acrylonitrile (AN) was purchased from
Aldrich Chemical Co. and washed with a 5% (w/w) aqueous sodium hydroxide solution
to remove the inhibitor followed by distillation under reduced pressure. Methanol and
toluene were purchased from Fisher. The free radical inititator, Si-AIBN. (4,4' -(diazeneI ,2-diyl)bis-(4-cyano-N-(3-triethoxysilyl)propyl)pentanamide)

was

synthesized

as

described previously and it was kept in dry THF (0.112 M) at 4 °C. 24

Si-AIBN
(EIOi,S•

Preparation

(~lpo~vacrylonitrile-

(PAN-) crosslinked silica aerogels. The Si-AIBN stock

solution was allowed to warm to room temperature, and an aliquot (23.0 mL, 0.0026 mol)
was transferred into a round-bottom flask. The solvent was removed at room temperature
under reduced pressure, and the resulting solid was dissolved in a mixture of methanol,
TMOS and AN. This is referred to as Solution A. A second solution (Solution B) was
prepared by mixing methanol, AN, distilled water and 80 ,uL of 14.8 N NH40H. The total
amounts of methanoL TMOS and AN were varied as shown in Table 1 in order to: (a)
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keep constant the total mol amount of silicon ( 1 mol from TMOS + 2 mol from Si-AIBN)
in all samples, but vary the mol percent of silicon coming from Si-AIBN from I 0 to 20 to
30%. (The corresponding samples are referred to as F-10, F-20 and F-30, respectively,
where "F" stands for "formulation"); and, (b) vary the volume percent of AN to
methanol+AN from 30 to 45 to 60% v/v. Thus, we ended up with three final samples for
each Si-AIBN concentration. The predetermined amount of methanol and AN were
divided equally to Solution A and Solution B. Solution B was added into Solution A and
the mixture comprises the sol. The sol was shaken well and was poured into
polypropylene molds (Wheaton polypropylene Omni-Vials, Part No. 225402, I em in
diameter). Sols gelled within 10-15 min. The resulting clear wet-gels were aged for 24 h
at room temperature in their molds, they were exposed to UV light for 300 s (changing
the angle of exposure frequently) using a UVitron International Intrelli-ray 600 shattered
UV floodlight (600 W), they were heated at 55 °C for 12 h, they were solvent-exchanged
with ethanol (3 times, 8 h per wash cycle - to remove gelation water), and finally they
were solvent-exchanged again with toluene (3 times, 8 h per wash cycle - to remove free
PAN from the pores). The resulting opaque-white wet-gels were dried into PANcrosslinked aerogels in an autoclave with liquid C02 taken out at the end as a supercritical
fluid (SCF). Alternatively, crosslinked wet-gels were also dried directly from the molds
under ambient pressure for 2-3 days without any further washes. That simplifies the
process tremendously, without any adverse effect on the quality of the final SiC
monoliths. For comparison purposes, native samples (designated as F -10-00, F-20-00 and
F -30-00) were also prepared by replacing AN with an equal volume of methanol (refer to
Table I).

\
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Table 1. Formulations for one-pot synthesis of PAN-crosslinked silica aerogels

Formulation

TMOS

Si-AIBN

CH30H

H20

AN

mL (mol)

mL (mol)

mL

mL

mL (mol)

F-10-00

3.465 (0.0234)

11.5 (0.0130)

9.00

1.5

0.00 (0.0000)

F-10-30

3.465 (0.0234)

11.5 (0.0013)

6.30

1.5

2 .70 (0.0407)

F-10-45

3.465 (0.0234)

11.5 (0.0013)

4 .95

1.5

4.05 (0.0611)

F-10-60

3.465 (0.0234)

11.5 (0.00 13)

3.60

1.5

5.40 (0.0814)

F-20-00

3.068 (0.0207)

23.0 (0.0026)

9.00

1.5

0.00 (0.0000)

F-20-30

3.068 (0.0207)

23.0 (0.0026)

6.30

1.5

2.70 (0.0407)

F-20-45

3.068 (0.0207)

23.0 (0.0026)

4 .95

1.5

4.05 (0.0611)

F-20-60

3.068 (0.0207)

23.0 (0.0026)

3.60

1.5

5.40 (0.0814)

F-30-00

2.68 (0.0181)

34.5 (0.0039)

9.00

1.5

0.00 (0.0000)

F-30-30

2.68 (0.0181)

34.5 (0.0039)

6.30

1.5

2.70 (0.0407)

F-30-45

2.68 (0.0 181)

34.5 (0.0039)

4.95

1.5

4 .05 (0.0611)

F-30-60

2.68 (0.0 181)

34.5 (0.0039)

3.60

1.5

5.40 (0.0814)

a.

a

Volume of a stock solution of Si-AIBN (0.1122 M) in THF.

Preparation of silicon carbide aerogels from PAN-crosslinked aerogels. PAN-crosslinked
aerogels were initially aromatized by heating in air at 225 °C for 36 h. The color changed
from white to brown. Subsequently, they were transferred to an MTI GSL1600X-80 tube
furnace and they were heated further under flowing Ar (70 mL min-1): The temperature of
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the tube furnace was first raised within 2 h from ambient to 300 °C and it was maintained
at that level for 3 h. Subsequently, the temperature was raised further within 2 h to 800 °C
and it was maintained at that level for 3 h. Finally, the temperature was again raised
within 5 h to the end carbothermal reaction temperature (from 1200 °C to 1600 °C) and it
was maintained at that level for different time periods ranging from 36 h to 140 h. At the
end of that period, the temperature was lowered to 600 °C, flowing Ar was changed into
flowing air and excess of carbon was burnt off by maintaining the temperature at that
level for 5 h. Samples for analysis were removed at intermediate stages of the heating
process (at 800 °C and at the end of the carbothermal process), by interrupting heating
and by letting the tube furnace cool down to room temperature under flowing Ar.

Methods. Supercritical fluid C0 2 drying was conducted using an autoclave (SPI-DRY
Jumbo Supercritical Point Drier, SPI Supplies, Inc., West Chester, PA). Bulk densities
(A) were calculated from the weight and the physical dimensions of the samples. Skeletal

densities (Ps) were determined using helium pycnometry with a Micromeritics AcuuPyc
II 1340 instrument. Porosities were determined from the Po and Ps values. Surface areas
(a) were measured by nitrogen adsorption/desorption porosimetry using a micromeritics

ASAP 2020 Surface Area and Pore Distribution analyzer. Samples for surface area and
skeletal density determinations were outgassed for 24 h at 80 °C under vacuum before
analysis. Average pore diameters were determined by the 4x Vrotal/a method, where
is the total pore volume per gram of sample.

Vrotal

Vrotal

was calculated either from the single

highest volume of N 2 adsorbed along the adsorption isotherm, or from the relationship
VTotal =
Vrotal

(

1I ,Dt,) - (I IPs). The single point

N2

adsorption method tends to underestimate

significantly when macropores are involved. 25 The discrepancy between average
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pore diameters calculated by the two methods was taken as an indication of
macroporosity. In that case discussion of average pore diameters is based on values
calculated using

VTotal =

(1/A) - (1/Ps). Samples of cross-linked silica aerogels, silicon

carbide and intermediates were characterized by solid

13 C

and

29 Si

NMR spectroscopy

using one-pulse sequence with magic angle spinning (at 7 kHz). Samples up to the point
of aromatization (heated at 225 °C) were characterized by

13 C

CPMAS-TOSS pulse

sequence with broadband proton decoupling and magic angle spinning (at 5 kHz).
Samples after carbonization (800 °C) contain no hydrogen and they were characterized by
one-pulse sequence and magic angle spinning (at 7 kHz). All samples were ground to
fine powder and packed into 7 mm rotors.

A Bruker A vance 300 wide bore NMR

spectrometer equipped with a 7 mm CPMAS probe was used. The operating frequency
for

13 C

and

29 Si

was 75.483 and 59.624 MHz, respectively.

13 C

referenced externally to glycine (carbonyl carbon at 176.03 ppm).

NMR spectra were

29 Si

NMR spectra were

referenced externally to neat TMS (0 ppm). Modulated differential scanning calorimetry
(MDSC) was conducted in air with a TA Instrument Model 2920 apparatus at a heating
rate of 10

oc

min- 1 • SiC samples at the end of processing were characterized by X-ray

diffraction. Those experiments were performed with powders of the corresponding
materials using a Scintag 2000 diffractometer with Cu Ka radiation and a proportional
counter detector equipped with a flat graphite monochromator. Structural information for
silicon carbide was obtained using the ICSD database version 2.0 1. The crystallite size
was estimated with the Jade software (version 5.0, Materials Data, Inc.) using Scherrer's
equation. A Gaussian correction for instrumental broadening was applied utilizing NIST
SRM 660a La86 for the determination of the instrumental broadening. Scanning Electron
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Microscopy (SEM) was conducted with samples coated with Au-Pd using a Hitachi S4 700 field emission microscope.
Determination of organic matter in native samples: The incorporation of Si-AJBN in the

silica (TMOS) framework was evaluated by correlating the amount of organic matter in
native F-10-00, F-20-00 and F-30-00 aerogels to the concentration of Si-AIBN in their
sol. The amount of organic matter was determined gravimetrically by weighing before
and after heating native samples at 600 °C in air.
Determination of the PAN content in selective PAN-crosslinked samples: The same
process as above was applied to F-20-45 samples. The weight percent of PAN was thus
calculated by factoring in the ratio of Si0 2 and of the organic matter originating from SiAIBN.

Determination of C:Si0 2 ratio available for the carbothermal reduction: That was
accomplished also gravimetrically, by recovering samples at 800

oc

along the

carbothermal process. Those samples were weighed and were heated again at 600 °C in
air to bum off carbon.
Determination of the conversion of Si02 to SiC: PAN-crosslinked samples with known
content of silica were weighed before and after processing at different carbothermal
temperatures followed by removal of residual carbon at 600 °C in air. The efficiency of
the carbothermal reduction of Si0 2 was determined by correlating the initial amount of
silica to the final weight of SiC.
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3. Results
3.1 General. Scheme 1 summarizes the overall process for the synthesis and conversion
of PAN-coated silica aerogels to porous monolithic SiC. That process starts with the onepot synthesis of PAN-coated silica wet-gels that are dried to PAN-crosslinked silica
aerogels with SCF C0 2 . The PAN coating is aromatized at 225 °C in air, and
subsequently samples are placed in a tube furnace and are heated stepwise under flowing
Ar to a range of terminal temperatures from 1200 °C to 1600 °C. Unreacted carbon is
removed at 600 °C in air. Although the entire process can be carried out continuously,
several runs were interrupted at various intermediate stages and samples were analyzed in
order to identify the controlling parameters and optimize the synthetic conditions for
complete conversion of Si0 2 to monolithic SiC . Specifically, samples were also analyzed
after aromatization at 225 °C, after carbonization at 800 °C , and before removal of
unreacted carbon. Results are summarized in Tables 2-4. Alternatively, the entire process
is shortened by eliminating the SCF COz drying step and it was found (Table 5) that the
porous SiC samples were identical to those received by the lengthier process.

3.2 Synthesis of PAN-crosslinked aerogels. Mesoporous monolithic silica was coated
(crosslinked) with PAN in one pot through surface initiated free-radical polymerization
(SIP) of the monomer (AN) according to eq 3. Si-AIBN, a bidentate free-radical initiator,

~

CN

at:rylom trik

Si-AIBN

(3)

I ) h v: 2 ) 55 "C

PAN
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was designed specifically to attach itself on silica from both ends so that the polymer
produced by thermal or photochemical cleavage of the central -N=N- group of the
initiator remains surface-bound, rendering post-crosslinking washes unnecessary. 24
Nevertheless, it was found that some free PAN is still produced in the pores presumably
by an unidentified radical-transfer mechanism, and although its removal is not necessary
(see Section 3.5), post-crosslinking washes were conducted anyway in order to confirm
and understand the topology of the processes taking place at the surface of silica during
its conversion to SiC. It is further noted that up to now crosslinking reagents for this class
of materials have been introduced by time-consuming solvent exchanges after gelation~ 22
here, however, since gelation of TMOS (a nucleophilic substitution processes) does not
interfere with the free-radical crosslinking reagents, both gelation and crosslinking
chemistries have been included together in the sol rendering post-gelation (precrosslinking) solvent exchanges unnecessary. Gelation takes place at room temperature,
while crosslinking is triggered post-gelation and aging in one pot (Scheme 1).
The amount of AN in the sol is related to the amount of carbon produced on the
surface of silica during the carbonization process (see below). On the other hand, since
surface-confined PAN is expected to be capped by two initiator fragments, the mol ratio
of Si-AIBN:AN in the sol controls the length of the interparticle PAN tethers. By varying
the Si-AIBN:total Si (TMOS+Si-AIBN) mol ratio (the total mol of Si remaining
constant) from 0.1 to 0.2 to 0.3, it was found gravimetrically that the amount of Si-AIBNrclated organic matter in the native (non-crosslinked) samples varied linearly (R=0.99)
from 15.9% w/w to

21.~%

w/w to 26.2% w/w, respectively, signifying that all Si-AIBN

66
was incorporated in the silica structure. The complete characterization data for the native
and PAN-crosslinked samples are summarized in Table 2 .

Scheme 1. Flowchart for the Synthesis and Characterization of SiC Aerogels
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PAN-crosslinking under our conditions causes a density increase relative to the
native samples by a factor up to 2.5 (typical for this type of materials). 22 Generally,
crosslinked samples shrink less relative to the molds in companson with the native
samples. Microscopically, crosslinked samples (Figure IA) look similar to their native
counterparts, 24 consistent with a tight conformal polymer coating on the skeletal silica
nanoparticles. N 2 adsorption isotherms are Type IV showing the characteristic desorption
hysteresis of mesoporous materials (Figure 2A). The BET surface area,

~

has been

decreased relative to the area of the native samples (Table 2) indicating that the polymer
has smoothed out the surface of the secondary particles blocking access for N 2 to the
smaller crevices on the skeletal framework, 24 and consistent with the average pore
diameter increase reported in Table 2. (It is noted that average pore diameters calculated
either from the single point total pore volume ( VTotaJ) obtained from the adsorption
isotherm, or via the
mesoporosity.)

VTota1= 11A-llPs

method are about the same, further supporting

Table 2. Selected properties of PAN-crosslinked silica aerogels

skeletal
porosity, BET surface avmge
particle
lln5ity
II(% void area. a ~e
radius,
p, ~ cm·3) c space)
(m2g·1) diameter (nm)d r(nm)!

diameter
sample (em) 1

~cent

F-1 0-00
F-10-30
F-10-45
F-10-60

0.92S±OJXl3
0.923±0.001
0.938±0.0Cl3
0.945±0.007

5.0
7.7
6.2
5.)

0.177±0.004
0.329±0.011
0.426±0.004
o.47S±O.cm

1.887±0.006
1.498±0.003
1.462±0.003
1.478±0.002

90
78
71
68

681
322
206
228

8.5 [10.0)
14.1 [14.5]
13.2 [20.1]
15.6[17.6]

2.2
6.2
10.0
8.9

F-20-00
F-20-30
F-20-45
F-20-60

0.920±0.005
0.936±0.004
0.948±0.003
0.947±0.004

8.0
6.4
5.2
5.3

0.190±0.002
0.360±0.005
0.414±0.004
0.467±0.004

1. 798±0.004
1.435±0.009
1.458±0.010
1.423±0.007

89
75
67

647
275
157
144

14.28 [9.9)
15.0[15.6)
23.7 [26.7]
13.9 [26.~

2.2
7.6
13.1
14.6

F-30-00
F-30-30
F-30-45
F-30-60

0.922±0.003
0.92S±O.lXl2
0.931±0.002
0.950±0.001

7.8
7.5

0.198±0.003
0.378±0.003
0.470±0.002
0.473±0.003

1. 705±0.002
1.428±0.009
1.448±0.007
1.423±0.089

88
74
68
67

643
195
147
151

9.5 [9.4]
14.3 [21.5]
15.6[26.6]
32.4[25.1]

2.7
10.8
14.1
13.9

bulk densi~,
shrinkageb /)J (g cm'3)

6.9

5.0
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Average of 5samples.b Relative to the molds (1cm diameter).[ One sample,average of 50 measurements.d Bythe 4xVrJamethod.
For the first number, VrotaJ was calculated by the single-lXJint adsorption method;for the number in brackets Vr(Q} was c4lculated via V10tJJ
(1/,oo)-(11p;). e_Calculated via r=3/f.W

1.

=
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The porosity, II, as % v/v of empty space, has been decreased from -90% in the native
samples to - 70% in the crosslinked samples, consistent with the particle size increase
(calculated via radius r

=

3/p 5 a-, Table 2) brought about by the conformal polymer

coating.

3.3 Aromatization of PAN -crosslinked aerogels. Conversion of PAN to carbon requires
prior aromatization, which is typically induced oxidatively by heating the polymer
between 270 and 300 °C in air ( eq 4 ). 24 ' 26 ' 27 Indeed, direct heating of PAN -crosslinked

aromatization
270-300 °C , air
PAN

(4)
aromatized PAN

aerogels at 800 °C in argon causes decomposition ofthe polymer and complete loss of the
organic matter. Heating PAN-crosslinked samples in air shows a sharp exotherm at 253
°C (by DSC; Figure 3). Aromatization (followed by

13 C

NMR, Figure 4) takes place at

both sides of the endotherm, albeit more slowly at the low temperature end (225 °C
versus 300 °C, refer to Figure 4). However, processing PAN-crosslinked silica aerogel
monoliths at 300 °C tends to break them into small pieces, presumably due to stresses on
the silica framework created by the structural rearrangement of the polymer during its
aromatization. On the other hand, a combination of conditions expected to produce
shorter polymer chains (higher Si-AIBN concentrations: F-20 and F-30 formulations)
with lower aromatization temperatures seem to yield monoliths with 100% success rate.
Microscopically, those samples look quite similar to their parent PAN -crosslinked
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aerogels (Figure lB). Therefore, for further processing we opted to heat samples for
longer time periods (36 h) at 225 °C (Scheme 1). The incomplete aromatization of PAN
under those conditions (see spectrum in Figure 4 labeled "225 °C in air") necessitated
determination of the C:Si02 mol ratio produced after carbonization as a function of the
initial formulation of the PAN -crosslinked samples.

3.4 Carbonization of aromatized PAN-crosslinked aerogels. Aromatized PANcrosslinked aerogels are converted to SiC by heating in the 1200-1600 °C range under Ar.
As confirmed by

13 C

NMR (Figure 4), at around 800 °C aromatized PAN is converted to

carbon ( eq 5). 24 ·26 Aromatized samples heated at just 800 °C allow correlation of the

XXXX- carbonization
800 °C. in Ar

N

N

,...

(5)

N

aromatized PAN

initial synthetic conditions to the C :Si02 mol ratio. The complete analysis of the
carbonized samples is summarized in Table 3. Carbonization causes additional shrinkage
(12-13 %) relative to the parent PAN-crosslinked aerogel precursors, but samples retain

their shape and micro-morphology (by SEM, Figure 1C). N 2 adsorption isotherms (Figure
2B) show signs of macroporosity (lower total volume ofN2 adsorbed, lack of saturation,

increase in the volume adsorbed mainly above 90% of relative pressure) , and pore
diameters calculated via the VTotal14a- method using

VTotal

obtained by the single point
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versus the VTotaJ=l/jJb-1/Ps method do not match, the latter being significantly larger, in
fact in the range of macropores (>50 nm, see Table 3). The BET surface area after
carbonization is also significantly lower than that of the parent PAN-crosslinked samples
(69-124 m 2g- 1 versus

140-320 m 2g- 1,

respectively;

compare Tables 2 and 3).

Consequently, the particle size of the carbonized samples is calculated larger than that of
the parent PAN-crosslinked aerogels (11.0-20.3 nm versus 6.2-14.6 nm, respectively).
The porosimetry data considered together with SEM are consistent with a rather compact
C-coating blocking access to the underlying silica network. The C:Si02 ratio (included in
Table 3) was determined gravimetrically and varies linearly with the AN:Si02 mol ratio
in the original sol (Figure 5) from substoichiometric (e.g., 2.55 for the F -10-30
formulation) to a little over the stoichiometric (-4.4 for the F-1 0-45, F-20-30 and F-30-30
formulations) to over twice the stoichiometric ratio ofeq 1 (samples F-10-60, F-20-45, F10-50, F-30-45 and F-30-60). Since F-10 samples tend to break in pieces after
aromatization, and because F-30 samples use a larger amount of Si-AIBN unnecessarily,
only F-20-30 and F-20-45 samples were considered for further processing.

Table 3. Characterization of PAN-crosslinked silica aerogels after pyrolysis at 800 °C.

diameter percent

bulk density,
shrinkage a ,t:b (g cm"3)

sample

(em)

F-10-30
F-10-45
F-10-60

0.823
0.832
0.845

13
12

F-20-30
F-20-45
F-20-60
F-30-30
F-30-45
F-30-60

skeletal
density,
p; (g cm'3)

porosity, BET surface
17(% void area a
spac.e)
(m2 g" 1)

2.187±0.024
2.118±0.003
2.149±0.006

86

11

0.290
0.333
0.357

0.849
0.834
0.834

13
12
12

0.276
0.365
0.410

0.843
0.822
0.840

13
13
12

0.321
0.396
0.495

average

particle

pore

radius,

diameter (nm) b r (nm) '

C:SiO
(moL'mol)

83

124
93
79

24.2 [60.8]
13.8 [76.1]
16.5 [90.5]

11.0
15.1
17.6

2.55
4.65
8.85

2.134±0.042
2.178±0.011
2.140±0.008

87
83
80

96
94
74

13.5 [76.9]
12.8 [76.7]
18.0 [93.2]

14.5
14.6
18.9

4.36
7.08
7.66

2.178±0.011
2.156±0.009
2.140±0.007

85
81
77

17.1 [74.9]
14.2 [88.1]
18.4 [90.0]

13.9
17.4
20.3

4.36
6.85
9.49

84

99
79
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Relative to the PAN-crosslinked aerogels. b_ By the 4xVrocJCTmetbod. For tbe first munber Vrot1 was calculated by the single-point
adsorption method: for the number in btac.kets Vrow was calculated via Vrota3 = (11,t:b)-(1/p;). c_Calculated via r = 3/p;a.
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3.5 Conversion of aromatized PAN-crosslinked aerogels to SiC. Thermodynamically,
eq 1 and the associated elementary processes (see Discussion below), depend on the
partial pressure of CO. Thus, while under atmospheric pressure generation of SiC
requires temperatures above ~ 1754 °C, IH thermobarometric analysis under dynamic
vacuum (1 o-2 Pa) has shown that carbothermal reduction of silica xerogels impregnated
with saccharose can start at 1100 °C. 28 Similarly, under dynamic Ar-flow ( 1 kPa of total
SiO and CO pressure) SiC reportedly started forming from 1220 °C. 17 For our
carbothermal work we opted for flowing Ar and we focused on materials prepared in the
1200-1600 °C range. Materials characterization data for clean from unrcacted carbon F20-30 and F-20-45 samples processed at different temperatures for different times arc
summarized in Table 4. 29 Si NMR has been a reliable tool for differentiating silicon from
SiC (-13 ppm) and Si0 2 (-105 ppm) even in amorphous phases. Indeed, although
according to XRD data (Figure 6) cubic (3C of fJ-) SiC starts showing up above 1300 °C,
29 Si NMR (Figure 7) clearly shows a 3.8:1 mol/mol ratio of SiC:Si0 2 at 1200 °C. After
pyrolysis at 1300 °C the relative amount of SiC increases (the SiC:Si02 mol ratio reaches
6.6), and after pyrolysis at 1600 °C polycrystalline SiC (mostly 3C with a small amount
of 6H) is the only detectable Si-phase. Importantly, using literature density values for
silicon carbide (3.20 g cm. 3 ) and sintcrcd amorphous silica (2.1 g cm- 3 ), 29 "30 the SiC:Si0 2
mol ratios determined by 29 Si NMR can be converted to the skeletal densities expected of
the final C-clean samples. Thus, it is calculated from the data of Figures 7B and 7C that
the expected skeletal densities (Ps) of terminal free-of-carbon F-20-30 samples should be
2.969 g cm- 3 and 3.054 g cm- 3 for samples pyrolyzed at 1200 °C and 1300 °C,
respectively. Those values agree well with the experimental Ps data (2.968 g cm- 3 and

74
3.014 g cm- 3 , respectively, refer to Table 4) suggesting and validating use of Ps data for
assessing purity of the SiC. Indeed, F-20-45 samples processed at 1600 °C show only the
29 Si

resonance peak of SiC (Figure 7D) and their skeletal density is that of pure SiC

(Table 4 ).
Overall, Table 4 shows that pyrolytically F-20-30 and F-20-45 samples behave
quite similarly. For example, above 1400 °C there is no significant difference either in
their degree of shrinkage or their bulk densities; below 1400 °C all samples processed for
shorter time periods (36 h rather than 72 h) seem to contain more unreacted silica, as
reflected by consistently lower Ps values.

Table 4. Characterization of SiC aerogels prepared under different conditions
sample
°C(hours)
(nm) d

diameter
(em)

Winbge
(%)I

bulk dem.ity.
A (gcni3)

skeletal
demit)·.
A (g cm·l)

poro~ty.
n~~

void
space)

BET slrlace
area. v
(ni t )

avera
pore
diameter (nm) b

radius.
r(nm)'

81
78

221
198

14.6 [~3.0]
15.6 [31.0]

4.6
5.1

f -20-30 (C:Si0 2 = ~.36 mol/mol)
1200(36)
0.487
48
1200( 2)
0.555
41

0.623
0.533

2.96&±<l.024

1300(36)
1300(72)
1400(36)
1400( 2)

2.9~.01

Crystallite
SJ.Ze

0.536
7.5±0.9
0.540

43

0.591

3.014±0.028

9

108

20.9 [51.4]

9.4

42

0.526

3.0 8±{)_010

76

42

21.3 [150)

23.2

0.578
14.6±{).3
0.565

39

0.503

3.021±{).019

75

16

21.2 [415)

61.9

40

0.515

3. 118±{).013

4

18

15.4 [360)

53.5

0.410
0.401

2 919±{) 006

394
381

17.6 [21.3]
16.1 [~2 . 6]

2.6

2 . 9~8±{).032

71
1

291 7±{) 099
2.93(}t{).l24

1
69

30
385

10 8 [~0.5]
9 4 [~0.0]

-·'

53

22. [135)
18 1 [350)

18.3
43.0

.1±0.8

f-20_.5 (C:. i01 = .08 moL'mol)
1200(36)
0.578
30
1200( 2)
0.567
40

)

~

-·'

1200(110)
1200(140)

0 563
0.583

40

0~

38

0.441

1300(36)
1300( 2)

0.589
0.612

38
35

0.4 3
0~

3.088±{).0U
3 1 (}t{)_028

)

-

)')

1400( 2)

0.598

37

0. ~1

3.153±{).054

1

~0

12.5 [353)

4 6

14.9±0.9

1500( 2)

0.590

38

0 430

3 190±{).033

0

16

16.9 [502]

58 8

16.6:0.8

1600( 2)

0.5 9

39

0~~

3 ~OO:t{) (»3

5

13

21 [542]

72 1

16..5:::1.3

2.8

, ...

Shrinkage relah\e to the diameter of the PAN-crosshnked aerogels. b By the 4-d'rou~ a method. For the first number. Vr 0111 was
calculated by the single-point adsotptlon method for the nwnber in bracke ~'r011 was calculated via T'r0111 = (1 p,)-{1 p.) ' Calculated
via r = 3•f>.CJ d By XRD using the Scherrer equanon: arerages from the \'alues obtawed from the (111). (220) and (311) reflecnons. ' .
Amorphous. r_~ot determined.
11 •
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Table 4. Characterization of SiC aerogels prepared under different conditions
BET surface

avera

area. u

A (gcm.J)

porosity.
fl(l%void
space)

pore
diameter (run) b

radius.
1· (nm)'

0.623
0.533

2 968±{).024
2.944±<l.01 7

81
78

221
198

14.6 [23.0]
15.6 [31.0]

46
5.1

skeletal
bulk density.
Po (g cnil)

demity,

f-20-30 (C:Si0 1 = 4.36 mol/mol)
0.487
1200(36)
48
1200(72)
0.555
41
1300(36)

sample
°C(hours)
(run) d

1300(72)
1400(36)
1400(72)

diameter
(em)

shrinkage
(%).

(m- g·J)

Crystallite

0.536
7. 5±0.9
0.540

43

0.591

3 014±0.028

79

108

10.9 [51.4]

9.4

42

0.526

3.0 8±0.010

76

42

21.3 [150]

n.2

0.578
14.6±0.3
0.565

39

0.503

3 021±0.019

75

16

11.2 [415}

61.9

40

0.515

3.118±0.013

74

18

15.4 [360)

53.5

0.410
0.401

2.919±0.006
2.928±0.032

71
71

394
381

17.6 [21.3]
16.1 [22.6]

2.6
2.7

10.8 [20.5]
9.4 [20.0]

2.8

f-20--'5 (C:Si0 1 = 7.08 mol/mol)
1100(36)
0.578
30
1200( 2)
0.567
40

SJ..Ze

1200(1 10)
1200(140)

0.563
0.583

40
38

0.44
0.441

2.91 7±0.099
2.930±0.124

71
69

30
385

1300(36)
1300(72)

0.589
0.612

38
35

0.473
0.446

3 088±0.014
31 0±0.028

71
72

53

22. [135)

22

18.1 [350)

18.3
43.0

.1±0.8

1400( 2)

0.598

37

0.481

3.153±0.054

2

20

12.5 [353]

47.6

14.9±0.9

1500(72)

0.590

38

0.430

J 190±0.033

70

16

16.9 [502)

58.8

16.6±0.8

1600(72)

0.5 79

39

0.482

3200±0.043

75

13

21.7 [542]

72.1

16.5zt.3

)

Shrinkage relative to the diameter of the PAN-crosslinked aerogels. b By the 4,< Vrowlo- method. For the first nwnber. Vrow was
calculated by the single-point adsorption method: for the number in brackets Vroa was calculated via Vrow = (llp,)-{1 ,. ,A). '- Calculated
via r = 31,AO"c d By XRD using the S(herrer equation: averages from the values obtained from the (111). (220) and (311) reflections. !.
Amorphous. . Not determined.
1.

-.....)
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There are some subtle differences, however. At lower temperatures ( 1200 and
1300 °C) F -20-30 samples shrink more (43-48%) than their more carbon-rich F -20-45
counterparts (30-40%) and that difference is reflected directly into higher bulk densities
(~0.60 g cm- 3 versus ~0.45 g cm- 3 , respectively). To explain that shrinkage and density

differences it is suggested that although all carbothermal reduction temperatures used are
well above the typical sintering temperatures of sol-gel silica (-1050 °C), 29 ·30
nevertheless the thicker C-coating of the F -20-45 samples prevents that process more
effectively, in agreement with Koc's report on reduced agglomeration of carbon-coated
Carbosil, as summarized in the Introduction. 18 The tendency ofF -20-30 samples to shrink
more and contain slightly more unreacted silica, as well as the relative easy by which the
more C-rich F-20-45 samples are converted to pure SiC (their Ps values become within
error equal to that of pure SiC even at 1300 °C for 72 h of processing), directed our
further attention to the latter.
As established gravimetrically (see Experimental Section) PAN-crosslinked F-2045 samples consist of 32% w/w Si02, 8.9% w/w Si-AIBN related organic matter and 59%
PAN. In tum, according to the data of Table 5, the Si02-to-SiC conversion efficiency for
samples processed between 1300 °C and 1600 °C is within error complete.
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Table 5. Conversion efficiency of Si0 2 in PAN-crosslinked F-20-45 samples into SiC

expected
SiC (g)

"crude" c
material (g)

calculated
weight of
pure SiC (g)

0.3836

0.2578

0.2581

0.2544

98.7

1.1677

0.3737

0.2511

0.2570

0.2358

93 .9

1500/600

1.1498

0.3679

0.2473

0.2511

0.2500

101.1

1600/600

1.1504

0.3681

0.2474

0.2384

0.2384

96.4

processing
at °C a

sample
(g)

weight of
Si02 (g) b

1300/600

1.1987

1400/600

d

SiC yield
(o/ow/w)

Processing time at the two temperatures: 72 h I 5 h, as described in the Experimental Section. b.
Based on 32% w/w silica. c. "Crude" means uncorrected for the amount of Si0 2 contained. d .
Calculated by considering the SiC/Si0 2 mol/mol ratio in the samples as dictated by the skeletal
density data (Table 4).

a.

Spatial information for the location of the carbothermal reduction is obtained by
SEM before and after oxidative removal of unreacted carbon. Before treatment at 600 °C
in air, F -20-45 samples heated anywhere between 1300 °C and 1600 °C look superficially
similar to their carbonized precursors recovered at 800 °C (compare the left column of
Figure 8 to Figure 1C). Upon closer examination of Figure 8 though, larger particles
(pointed at by circles and arrows) are discernible under the top layer. After treatment at
600 °C in air the debris is removed, confirming that it consists of unreacted carbon. All
samples having been heated carbothermally for 72 h between 1300 °C and 1600 °C look
identical to one another (Figure 8, right column). No whiskery material synthesis took
place in the pores. All samples are macroporous (confirmed by N 2 adsorption - see
Figure 2C) with average pore diameters between 135 and 540 nm (Table 4). By XRD
(Figure 6) SiC particles are polycrystalline and the crystallite size (via the Scherrer
equation) increases with the processing temperature from 7.1 nm in samples prepared at
1300 °C to 16.5 nm for samples processes at 1600

oc.

(It is noted though that those
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values should be considered as lower limits because the ( 111 ), (220) and ( 31 1) reflections
of /3-SiC coincide with the (102), (110) and (116) reflections of a-SiC, causing additional
broadening. The upper limit for the crystallite size would be double those values.)

BET

surface areas are relatively low (in the 13 to 22m 2 g- 1 range) reflecting the macroporosity
and suggesting that the crystallites within the larger particles observed by SEM (80-150
nm in diameter) are closely packed with no gaps and crevices.
Although F-20-45 samples processed just at 1200 °C under Ar look not very
different than the others (Figure 9), upon oxidative removal of the residual carbon they
do have a completely different microstructure from samples processed at higher
temperatures (Figure 8): they are mesoporous (Av. Pore Diam.

~20

nm), they have large

surface areas (~380m 2 g- 1), they consist of smaller particles (~5 nm in diameter). They
arc also amorphous by XRD. Yet, by considering their skeletal density (~2.92 g cm- 3 )
they consist 75% mol/mol of SiC and 25% mol/mol of Si02. As also shown in Figure 9,
reintroducing those samples in the tube furnace and heating further at 1600 °C followed
by oxidative cleaning generates the same structures observed by direct heating at
1600/600 °C (refer to Figure 8). Therefore, although processing at 1200 °C is sufficient to
produce SiC efficiently, it seems that new physicochemical processes are triggered
between 1200 °C and 1300 °C fusing SiC particles together.
4. Discussion

All SiC samples of the F-20-30 and F-30-45 formulations shrink to about 60% of
the size ofthc original molds, but they remain crack-free and monolithic (Figure 10).
Microscopically, after cleaning off the unreacted carbon samples pyrolyzed above
1300 °C look similar to one another and distinctly different from those pyrolyzed at 1200
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°C. The reasons should be traced to the mechanism and the topology of the carbothermal
process. The carbothermal reduction of eq I starts as either a solid-solid or a liquid-solid
reaction between Si02 and C. 5 a (It is noted that although quartz melts at about 1650 °C,
nanoparticulate silica in base-catalyzed silica aerogels sinters completely at I 050 °C, 29 ·30
starting a liquid-solid rather than a solid-solid process.) Hence, the reaction between Si0 2
and C, at least initially, depends critically on the contact area between the two reactants;
from that persepctive, the materials of this study have been designed specifically to turn
the entire mesoporous surface of silica into a contact area with C. There, the initial
elementary process between Si02 and C follows eq 6:
Si0 2(s or I) + C(s) - - SiO(g)

+

CO(g)

(6)

Once SiO(g) is formed, synthesis of SiC follows via a gas-solid reaction with carbon: 9
SiO(g)

+

2C(s) ---- SiC(s) + CO(g)

(7)

CO(g) from reactions 6 and 7, reacts with silica via eq 8 producing more SiO(g), while
Si0 2(s)

+

CO(g) - -

SiO(g)

+

C02(g)

(8)

C02 comproportionates with C according to the Boudouard reaction: 3132 ·33
C0 2(g) +

C(s) ---.-

2 CO(g)

(9)

Overall, there is no sign of SiO and CO escaping in the pores where they could
react via eq 2 yielding whiskers. Scheme 2 summarizes topologically the sequence of
reactions leading to SiC. According to that model, half of the CO should escape
unreacted through the carbon coating. Therefore, since subsequent gasification of Si02
into SiO (eq 8) involves reaction with CO, for complete reaction of Si02 the C:Si02 ratio
should be double of what is required stoichiometrically ( eq 1) that is at least 6. Based on
the Ps values (Table 4), the SiC content in the F-20-30 samples (C:Si02=4.4) reacted for

80
72 h at 1200-1600 °C is 76-93 mol percent, which is of course higher than what is
expected from the model (75%), but lower than the SiC content in F-20-45 samples
(C:Si0 2= 7.1) where it reaches 100%. Thus, diffusion of CO through the C layer should
be restricted but not completely prevented. Accordingly, a higher than the stoichiometric
C:Si0 2 ratio of"3" is required for complete conversion of Si02 to SiC.

Scheme 2. Carbothermal processes at the interface of silica and carbon

carbon

(9) etc.

(7)

Upon closer examination, since reaction 6, which sets off the entire process, takes
place at the points of contact between Si02 and C, once those points have been
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consumed, reaction 6 and all subsequent processes should stop. 31 However, as data from
the F-20-45 samples show formation of SiC can continue till complete conversion Si0 2 to
SiC. Continuation of the carbothermal process is attributed to the solid-solid reaction of
eq 10 at the points of contact of SiC with Si0 2 : 17 ,34 ,35 ,36
SiC(s) + 2 Si0 2 (s) - - 3 SiO(g) +

CO(g)

(10)

Eq 10 generates SiO(g) and it is known that it causes loss of SiC during prolonged
contact with Si0 2 at high temperatures. 17 Eq 10 injects 3 mols of SiO and 1 mol of CO in
the yet unreached Si0 2 layer (Scheme 3). One mol of SiO may react with 3 mols of CO

Scheme 3. Processes at the interface of silica and newly formed silicon carbide

carbon

SiOz
SiC<----- SiO +CO-----> SiO
eq 2
eq 8

silica
( eq 2) yielding SiC nanocrystals, while the remaining SiO has no other option but to
diffuse through SiC and react with C as it emerges into the outer C layer yielding SiC
according to eq 7. Alternatively, CO injected into the SiOz layer may react with SiOz
according to eq 8 producing more SiO. Diffusion of SiO through SiC should be slow,
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explaining the long reaction times. Overall, the initial SiC layer is consumed internally
and grows externally in a process somewhat reminiscent of the inside out growth
mechanism of certain inorganic fullerene-like layers structures. 37 The larger crystallites at
higher temperatures are attributed to faster kinetics for eq 2. 2x The rather uniform SiC
particle size between 1300 °C and 1600 °C can be explained if C-coated silica sinters
between 1200 and 1300 °C so that new SiC crystallites get dispersed in molten silica
nanopockets wherein they are recycled through eq 10, and eventually coalesce as Si0 2 is
consumed with no gaps and crevices between them. By this line of reasoning, in samples
processed at 1200 °C Si0 2 remains solid, amorphous SiC particles are not in full contact
with Si0 2 or one another, and the SiC/Si02 mixtures are mesoporous with higher surface
areas. Heating such samples further above 1300 °C causes melting of Si02 and the
terminal samples resume the appearance of samples processed at those temperatures from
the beginning (Figure 9).
The one-step synthesis of the PAN -crosslinked silica framework is certainly a
maJor advancement over previous work on polymer crosslinked aerogels where
crosslinking agents had to be introduced post-gelation by time-consuming solvent
exchanges. 22 However, the overall process as described above is not designed for
etllciency: our focus so far has been on the processes happening within the conformally
coated silica framework. From that perspective, loose polymer in the mesopores was
undesirable, and therefore the method still involves post-crosslinking washes. Now,
having established that all processes happen within the conformally coated skeletal
framework, we attempted to circumvent post-crosslinking removal of loose PAN,
reasoning that any PAN forn1ed in the mesopores would be just a spectator removable at
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the

final

oxidation step.

Furthermore,

smce polymer crosslinked

aerogels are

mechanically strong materials that have been dried under ambient pressure, 3 x we also
attempted to eliminate SCF C0 2 drying at the same time. Table 5 summarizes the
properties of a F-20-45 sample processed directly through aromatization, carbonization,
carbo thermal reduction and oxidative cleaning of unreacted carbon without prior removal
of loose PAN or SCF C0 2 drying.

A comparison of the data in Table 5 with the

corresponding data in Table 4 shows that the materials properties of both kinds of SiC
aerogels are within error the same. Clearly, the economic advantage of this approach
provides significant leverage from an applications perspective.

Table 6. Characterization of SiC aerogel proce ed from PAN-cro linked aerogel without SCF C0 2 drying. a

bulk

porosity.

BET surface

density.

II(% void

area.

Po (gem·~

A (g cm·3)

space)

(m~ tt)

0.587

3.178±0.018

sample

diameter

shrinkage density.

oc (b)

(em)

(%) b

f- 2~5

·eletll

o

average

particle

pore

radius. d

diameter (nm) ' r(nm)

crystallite
ize!
(nm)

(C:Si02 = 7.08 mol: mol)

1500 (72)

0.550

42

82

18

19.7[308]

52.4

14.8±1.2

' . Data for samples processed carbothermally at the temperature and time-period indicated. followed by oxidative removal oftmreacted
carbon at 600 °C in air for 5 h. b. Shrinkage relative to the diameter of the PAN~osslinked aerogels. ' . By the 4, Vrowl omethod. For the
first number. Vrow was calculated by the single-point adsorption method: for the number in brackets Vrotal \Vas calculated \lia Vrcn1 = (liPo)-

(liA). d. Calculated via r = 3ip,o. e. By XRD using the Scherrer equation: averages from the values obtain.ed from the (111). (220) and

(311) reflections.

X5
5. Conclusion
A polymer crosslinked aerogel has been used for the first time as the starting
material in the synthesis of another porous material. The method described herewith is to
our knowledge one of the most efficient in the synthesis of highly porous (70%)
monolithic SiC. Si-AIBN has been used for proof-of-concept purposes only and its
involvement should not be considered as deterrent. Conformal PAN coatings would be
obtained

with

other

surface-confined

initiators,

including

monodentate

ones. 39

Alternatively, such coatings could be also obtained by engaging surface-confined
. h omogeneous po IymenzatiOn
. .
. t h c mesopores. 4o·41 ·4 -~ A vanant
.
aery Iates vta
o f AN m
of
this method is currently explored for the synthesis of boron carbide.
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7. Figures

Figure 1. Scanning Electron Micrographs (SEM) ofPAN-crosslinked F-20-45 samples:
(A) as prepared; (B) after heating at 225 °C in air for 36 h (aromatization) and, (C) after
additional heating first at 300 °C for 3 h and at 800 °C under argon for 3 h
(carbonization).
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Figu re 2. Nitrogen sorption isotherms ofF-20-45 samples: (A) as prepared ; (B) after
arornatization and carbonization (heating at 225 °C in air, followed by heating at 800 °C
under Ar); (C) after carbotherrnal treatment at 1200 °C for 72 h under Ar, followed by
oxidative cleaning at 600 °C in air; and, (D) after carbotherrnal treatment at 1600 °C for
72 h under Ar, followed by oxidative cleaning at 600 °C in air
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Figure 3. Differential scanning calorimetry (DSC) in air of a F -10-60 aerogel. (Heating
rate : 10 °C min- 1.)
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formulations listed in Table 1.
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Figure 6. XRD data for F-20-45 samples after carbothermal treatment under flowing Ar
for 72 h at the temperatures indicated, followed by oxidative removal of unreacted carbon
at 600 °C in air.
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Figure 7. Solids 29 Si NMR of: (A) a 1:1 mol/mol mixture of commercial SiC and silica
(calibration sample used for integration of Band C); (B) a F-20-30 sample treated
carbothermally at 1200 °C for 36 h followed by treatment at 600 °C in air; (C) a F -20-30
sample treated carbothermally at 1300 °C for 36 h , followed by treatment at 600 °C in air;
and, (D) a F -20-45 sample treated carbothermally at 1600 °C followed by treatment at
600 °C in air.
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Figure 8. SEM ofF-20-45 samples treated carbothermally for 72 hat the temperatures
shown. Left column: samples before oxidative cleaning at 600 °C in air. SiC particles
(pointed at by arrows and circles) are discernible under the "debris" on top. Right
column: after removal ofunreacted carbon, confirming that the debris on top was
unreacted carbon. (All full-scale bars at 1 J.lm.)
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Figure 9. SEM ofF-20-45 samples treated carbothermally at 1200 °C and also at 200 °C
and subsequently at 1600 °C. Left column: samples before oxidative cleaning of
unreacted carbon at 600 °C in air. Right column: after removal of unreacted carbon.
Considering the data together with Figure 8, macroporosity and large particles are created
by processes taking place between 1200 °C and 1300 °C. (All full-scale bars at 1 IJ.m.)

98

Figure 10. Photographs of a F-20-45 PAN-crosslinked silica aerogel (left), and ofthe
resulting SiC aerogel (right) after (a) aromatization (225 °C in air); (b) carbotherrnal
reduction (1400 °C under flowing Ar); and (c) oxidative removal ofunreacted carbon
(600 °C in air).
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8. Supporting Information

• Suggested definition of an aerogel
According to IUPAC (http://goldbook.iupac.org/):
Aerogel:
Gel comprised of a microporous solid in which the dispersed phase is a gas. SI-l

Note: Microporous silica, microporous glass and zeolites are common examples of aerogels.
In our opinion, this definition is inadequate, because it excludes all the mesoporous
materials that are commonly referred to in the literature as aerogels. Also, this definition
leaves open the possibility for the dispersed phase to be unconnected gas bubbles, as for
example in blown foams, which are not considered aerogels.
To address those inconsistencies, in our opinion the definition of an aerogel should be
derived directly from the definition of a gel. According to IUP AC,
gel
Non-fluid colloidal network or polymer network that is expanded throughout its whole
vo Iume b y a fl UI.d . Sl-2
Based on the above, a tentative definition of an aerogel would be:
Aerogel is a non-fluid colloidal network or polymer network that is expanded
throughout its whole volume by a gas.
At this point, the question is how such a material would be distinguished from closed-cell
(blown) foams or from xerogels.
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According to IUPAC:
Foam
A dispersion in which a large proportion of gas by volume in the form of gas bubbles, is
dispersed in a liquid, solid or gel. The diameter of the bubbles is usually larger than 1
Jlm, but the thickness of the lamellae between the bubbles is often in the usual colloidal
size range. The term froth has been used interchangeably with foam. In particular cases
froth may be distinguished from foam by the fact that the former is stabilized by solid
particles (as in froth flotation q.v.) and the latter by soluble substances.SI- 3
And,
xerogel
Open network formed by the removal of all swelling agents from a gel.
Notes:

Examples of xerogels include silica gel and dried out, compact, macromolecular structures,
such as gelatin or rubber.
The definition proposed here is recommended as being more explicit.
Therefore, a key distinction between a foam and a xerogel is that the latter comprises an
open network. Further, the key distinction between an aerogel and a xerogel is that the
latter comprises a compact structure. Therefore, an internally consistent definition for an
aerogel should be:
Aerogel is an open non-fluid colloidal network or polymer network that is expanded
throughout its whole volume by a gas, and is formed by the removal of all swelling
agents from a gel without substantial volume reduction or network compaction.

I0I
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Porous carbons are technologically important materials, while water-based
synthesis is always attractive for environmental and economic reasons. Polyacrylonitrile
(PAN) is a main industrial non-phenolic source of synthetic carbon. Here, PAN aerogel
monoliths (75% v/v porous) are synthesized by emulsion gelation of acrylonitrile (AN)
via co-polymerization with ethylene glycol dimethylmethacrylate (EGDMA) or I ,6hexanediol diacrylate (HDDA). For comparison, PAN aerogels are also synthesized by
solution polymerization (in toluene) of the same monomers: phase-separation leads to
"live" particles that get linked covalently through their surfaces, and form gels that arc
dried into robust aerogels. By forcing those monomers into emulsions, in essence we
induce phase-separation of virtual primary particles before polymerization. Small angle
neutron scattering (SANS) supports that monomer reservoir droplets feed polymerization
in

~3

nm radius micelles yielding eventually large ( ~60 nm) primary particles. The latter

form macroporous gels that are dried into aerogels under ambient pressure from water.
PAN aerogels arc aromatized oxidatively (240 °C) and carbonized pyrolytically (800 °C)
to amorphous, electrically conducting carbon aerogels, which in tum are graphitized at
2300 °C. Despite a significant pyrolytic loss of matter (up to 50-70% w/w), materials
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either from solution or emulsion gelation shrink conformally (31-57%) and remam
monolithic. Beyond 800 °C, the material properties of carbon aerogels by both gelation
methods are identical, pointing to the viability of the emulsion approach to porous
carbon. Although crosslinkers EGDMA and HDDA decompose completely by 800 °C,
surprisingly their signature in terms of different surface areas, electrical conductivities
and crystalline order is traced in all the pyrolytic products. Chemical transformations are
followed with CHN analysis,

13

C NMR, XRD, Raman and HRTEM. Materials properties

are monitored by SEM and N 2 -sorption. The extent and effectiveness of interparticle
connectivity is evaluated by quasi-static compression. To our knowledge, this comprises
the first water-based alternative to the resorcinol-formaldehyde route to carbon aerogels,
and the major advantages are time-efficiency (a few hours), energy-efficiency (through
ambient pressure drying), and introduction of macroporosity without templating
agents.

1. Introduction
Owing to their high-surface area, porous carbons are used as adsorbers, 1 catalyst
supports, 2 separation media 3 and electrodes for batteries and fuel cells. 4 Organic
(polymeric) aerogels is another class of porous materials under rapid current development
for thermal insulation, but also as carbon (C-) aerogel precursors. Ultimately, the
bottleneck in all practical uses of such C-aerogels is the fact that their preparation cannot
be more economic than the synthesis of the parent organic aerogels, whose main cost is
associated with typical aerogel-related issues, namely expensive and time-consuming
solvent exchanges, and drying using supercritical fluids (SCF). 5 Thus, of the various
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carbonizable

polymeric

polybenzoxazines 8

aerogels

that

include

polyurethanes, 6

polyureas, 7

and polyimides, 9 the first-introduced, water-based gelation of

resorcinol with formaldehyde (RF) still remains the prevalent route to C-aerogels, 10
despite their up to a week-long preparation proceess. 11 From an applications perspective,
mesoporosity is desirable, but macroporosity is also essential for low flow-through mass
transfer resistance, and in that regard RF precursor gels either are templated with
polystyrene microspheres, 12 or surfactants, 13 or are coated conformally with thermally
detachable polyurea that melts and causes surface-tension induced local structural
collapse ofthe RF network, creating macropores. 14
A desirable route to C-aerogels would use a high-yield carbonizable polymer, a
time-efficient water-based gelation process, ambient pressure drying and would yield
meso/macroporous materials. With regards to the first requirement, polyacrylonitrile
(PAN) should be a good source of carbon as it comprises the primary industrial source of
graphite fiber for reinforced composites in applications from high-end luggage to major
automotive and aerospace components. 15 However, the water solubility of the monomer,
acrylonitrile, is low (7 g per 100 mL of water at 20 °C), and the polymer, PAN, is linear
and readily soluble in organic media. Therefore, solution gelation of AN in water is out
of question, while highly concentrated PAN sols may behave like gels, but upon drying,
even by eliminating surface tension forces with SCF C02, 5 such gels de-swell and
collapse, because of non-covalent interactions (dipolar and van der Waals) among the
polymeric strands.
To prevent that collapse upon drying, PAN was crosslinked with two variable-length
bifunctional acrylates, EGDMA and HDDA, borrowed from the extensive literature on
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EGDMA

HDDA

DMDA+ :

DMDA+

DMDA+

DMDA+

surf-/

~ ~N(CH )
\."'/10
32

DMDA+

surf-AJBN

macroporous chromatographic stationary phases. 16 Also, during solution polymerization
(in toluene), crosslinking decreases the solubility of the developing polymeric strands and
causes phase-separation of radical-terminated colloidal nanoparticles that get linked
covalently among themselves into non-collapsible porous 3D networks. That process is
transferred into water by using emulsion polymerization methods, 17 whereas surfactant
micelles play the role of reaction nano-vessels. Polymer growing in micelles comprises
particles that get crosslinked to a network similar to the one obtained by solution
polymerization. In most cases, stable emulsions were obtained with combinations of nonionic Triton® X-100 and cationic surfactant surf-1. The free-radical process was initiated
with a dicarboxylate derivative of 2,2 '-azobisisobutyrolitrile (AIBN) introduced as a
surfactant itself (surf-AIBN).
Wet-gels

from

either

the

solution

(toluene),

or

the

emulsion

(water)

polymerization route include macropores that withstand the surface tension forces of the
evaporating solvents, therefore are dried into aerogels under ambient pressure. After
carbonization at 800 °C, C-aerogels from either solution or emulsion polymerization are
strictly identical. Differences are traced only to the crosslinkers (EGDMA versus
HDDA). Upon further pyrolysis in the 2200-2300 °C range, C-aerogels remam
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monolithic and consist of graphite. Materials are characterized with emphasis on: (a) the
emulsion gelation process; (b) ambient pressure drying; and, (c) the effect of the two
crosslinkers on the materials properties.

2. Experimental
Materials. All reagents and solvents were used as received unless noted otherwise.
Acrylonitrile (AN), 1,2-ethanediol dimethacrylate (EGDMA), hexamethylene diacrylate
(HDDA), oxalic acid, N,N-dimethyldodecylamine, 4,4 '-azobis-( 4-cyanovaleric acid),
Triton® X-100, sodium lauryl sulfate (SDS) and 2,2' -azobisisobutyronitrile (AIBN) were
purchased from Sigma-Aldrich. AIBN was further purified by recrystallization from
methanol. HPLC grade toluene and acetone were purchased from Fisher. Pure USP 200
grain grade ethanol was purchased from Aaper Alcohol and Chemical Co. Siphon grade
C0 2 was purchased from Ozarc Gas Co.

Synthesis ofsurf-1. Oxalic acid (7.00 g, 0.056 mol) was dissolved in HPLC grade acetone

and neutralized with N,N-dimethyldodecyl amine (DMDA, 23.7lg, 0.12 mol). Acetone
was removed under reduced pressure leaving behind surf-1 as a viscous liquid.

13 C

NMR

(CDCh) ()(ppm): 169.50, 58.77, 43.92, 32.12, 29.82, 29.76, 29.72, 29.55, 29.53, 27.28,
25.48, 14.33. Surf-1 is water-soluble and was stored as a 33% w/w solution in water
(solution density: 0.948 g cm- 3 ).

Svnthesis
olsurf-AIBN.
4,4' -Azobis-4-cyanovaleric acid (1 g, 3.57 mmol) was dissolved
.
.

in HPLC grade acetone and neutralized with N,N-dimethyldodecyl amine (1.52 g, 7.12
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mmol). Acetone was removed under reduced pressure leaving behind a viscous liquid.
13 C

NMR (CDCh) b'(ppm): 177.4, 118.5, 72.52, 59.22, 58.10, 43.64, 42.52, 32.10, 29.81,

29.73, 29.53, 27.24, 25.15, 24.35, 23.98, 22.88, 14.41. Surf-A/BN is water-soluble and
was stored as a I 0% w/w solution in water (solution density: 0.990 g cm- 3 ).

Synthesis qf PAN aerogels via emulsion polymerization. All formulations are summarized

in Table I. Emulsion (i.e., water- (W-) based) aerogels are referred to by the
AN:(AN+crosslinker) and the monomers:(monomers+solvent) volume ratios (v/v), and
are abbreviated as W-E-xx-yy or W-H-xx-yy, whereas E- denotes samples made with
EGDMA and H- with HDDA as crosslinkers; xx stands for the volume percent(% v/v) of
AN over total monomers (i.e., AN plus crosslinker); and, yy stands for the volume
percent of total monomers over total monomers plus water. In a typical process, Tritonc~
X-1 00 was dissolved in a predetermined amount of water (Table I) by vigorous magnetic
stirring and heating at about 50 °C. The solution was allowed to cool to room temperature
and surf-/, in some instances SDS, and surf-AIBN were added. All emulsions up to that
point were clear colorless and stable indefinitely. Subsequently, the appropriate mixture
of acrylonitrile (AN) and crosslinker (EGDMA or HDDA) was added dropwise under
vigorous magnetic stirring. The new emulsions were either transparent or milky-white
(sec Table

I).

Emulsions were transferred into polypropylene molds (Wheaton

polypropylene Omni-Vials, 1.0 em in diameter) and were exposed to UV light using a
Dymax Light Curing Systems unit, Model 381 00-5000-EC, 400 W (365 nm), changing
the angle of exposure frequently until gelation

(~300

s). All resulting wet-gels were

opaque-white and they were aged in their molds for 12 h at 55 °C followed by 12 h at 75
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°C, to ensure complete polymerization. Subsequently, wet-gels were removed from the
molds, washed with water (4 times, allowing 8 h for each cycle) and dried into aerogels at
60 °C for 2 days under ambient pressure. For control purposes, after washing with water,

a series of wet-gels were solvent-exchanged with ethanol (4x, 8 h each cycle) and dried
in an autoclave with liquid C0 2 taken out at the end as a SCF.

Table I. Ernul ion water-baed(W·) PANaerogel

umple

1.

A.~ (mL)

[mol]

X-hnker 4
(mL)[mol]

total A.\·
X-unker
(mL)

1nter from Wd!IIOnal loU I
surbctmts water 1\Jter
(mL)
(mL) rmL)

surfact'Uits

wrf·
.llBS
(mL)

wrf·l
(mL)

total
1·olum~

(mL)

Tnton
SDS
X-100
(g)

~)

W-E-50-40I

20.0[0304]

20 0[0.089]

400

10

4~

10

0

39

21

60

1260

W-E-50-50 b

25.0[0380] 25.0[0.112]

500

10

0

25

0

9

41

so

1260

W-[-75-40 I

30.0[0 456]

10.0[0.045]

400

10

45

10

0

39

21

60

1260

W-E- 5-50 I

37.5 [0.570] 12.5 [0.056]

500

10

4~

10

0

39

II

50

126.0

W-0-50-40I

20.0[0.304] 20.0[0.106]

400

10

45

10

0

39

21

60

126.0

W-0-50-50b

25.0[OJ80]

2~ .0 [0.132]

)0 0

10

0

10

15

9

41

50

105.0

W-0- 5-40I

30.0[0.456]

10.0[O.OB]

40 0

10

4~

10

0

39

21

60

126.0

W-0- 5-50I

37.5 [0.570] 11.5 [0.066]

500

10

iS

10

0

39

II

50

126.0

W-0-75-50*b.c 37.5 [0.570] 12.5 [0.066]

)00

10

0

10

15

39

41

50

105.0
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Synthesis of PAN aerogels via solution polymerization. All formulations are summarized
in Table 2. This type of aerogels are abbreviated as S-E-xx-yy or S-H-xx-yy, where S
denotes solution polymerization, and E, H, xx and yy have the same meaning as above.
Sols were prepared by dissolving AN, crosslinker (EGDMA or HDDA) and AIBN in
toluene in a round bottom flask at room temperature. Sols were poured into
polypropylene molds (Wheaton polypropylene Omni-Vials, Part No. 225402, I em in
diameter) and were exposed to UV light using a Dymax Light Curing Systems unit,
Model38100-5000-EC, 400 W (365 nm), changing the angle ofexposure frequently until
gelation (-300 s). At that point, wet-gels were opaque-white, they were aged in their
molds at 55 °C for 12 h, solvent-exchanged with toluene (4 times, 8 h per wash cycle),
ethanol (again 4 times, 8 h per wash cycle) and dried into white PAN aerogels under
ambient pressure for 3 days at room temperature.

Conversion of PAN aerogels to carbon aerogels. All aerogel monoliths were initially
aromatized by heating in air at 240 °C for 36 h. Their color changed from white to brown.
Subsequently, samples were cooled to room temperature, transferred to an MTI
GSL1600X-80 tube furnace and were heated again under flowing Ar (70 mL min- 1) as
follows: The temperature of the tube furnace was first raised from ambient to 300 °C
within 2 h, it was maintained at that level for 1 h, and subsequently it was raised further
to 800 °C within 2 h and it was maintained at that level for 3 h. At that point, the power to
the tube furnace was disconnected allowing slow cooling back to room temperature (3 h).
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Table 2. Formulations of solvent- (S-) based PAN aerogels

sample

S-E-25-30
S-E-25-40

AN (mL)
[mol]

X-linker
(mL) [mol]

1.5 [0.023]

4 .5 [0 .020]

2.0 [0.030]

6.0 [0 .027]

total
solution
volume

A IBN

(mL)

(g)

total AN +
X-linker

volume of
toluene

(mL)

(mL)

6

14

20

0 .075

12

20

0 . 100
0 . 125

8

S-E-25-50

2 .5 [0.038]

7.5 [0.033]

10

10

20

S-E-50-30

3 .0 [0.046]

3.0 [0 .013]

6

14

20

0 .075

S-E-50-40

4 .0 [0.061]

4.0 [0.018]

8

12

20

0 . 100

10

20

0 . 125
0 .075

S-E-50-50

5.0 [0.076]

5 .0 [0.022]

10

S-E-75-30

4.5 [0.068]

1.5 [0.007]

6

14

20

S-E-75-40

6.0 [0.091]

2.0 [0.009]

8

12

20

0. 100

S-E-75-50

7 .5 [0.114]

2.5 [0.01 I]

10

10

20

0.125

S-H-25-30

I .5 [0.023]

4.5 [0.024]

6

14

20

0.075
0. 100

S-H-25-40

2.0 [0.030]

6.0 [0.031]

8

12

20

S-H-25-50

2 .5 [0.038]

7.5 [0.040]

10

10

20

0. 125

S-H-50-30

3 .0 [0.046]

3.0 [0.0 16]

6

14

20

0.075

12

20

0.100
0. 125

S-H-50-40

4 .0 [0.061]

4 .0 [0.02 I]

8

5 .0 [0.076]

5.0 [0.026]

10

10

20

S-H-75-30

4.5 [0.068]

I .5 [0.008]

6

14

20

0.075

S-H-75-40

6 .0 [0.091]

2.0 [0.011]

8

12

20

0 . 100

S-H-75-50

7 .5 [0.114]

2.5 [0.013]

10

10

20

0.125

S-H-50-50

Conversion of carbon aerogels to graphite aerogels. Carbon aerogel monoliths produced
at 800 °C as above were placed in a hot-zone graphite furnace (Thermal Technologies
Inc. , Model: 1000-3060-FP20) under a helium atmosphere. The temperature was raised
from room temperature to 400 °C at the rate 40 °C min- 1 and then to 2200 or 2300 °C at
10 °C min-1• Samples were kept at that temperature for a period of 24 h. At the end, the
power to the furnac e switched off and it w as allowed to cool to room temperature at its
normal rate (overnight).
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Methods. Bulk densities (A) were calculated from the weight and the physical
dimensions of the samples. Skeletal densities (Ps) were determined with helium
pycnometry using a Micromeritics AccuPyc II 1340 instrument. Porosities,

n, as percent

empty space, were determined from the Po and Ps values via IP=100x[(l/r>o)(1/ps)]/(1/Po). Surface areas (a) were measured by N 2 -sorption porosimetry using a
Micromeritics ASAP 2020 Surface Area and Pore Distribution Analyzer. Samples for
surface area and skeletal density determinations were out-gassed for 24 h at 80
vacuum before analysis. Liquid

13 C

oc under

NMR of monomers were obtained with a 400 MHz

Varian Unity Inova NMR instrument ( 100 MHz carbon frequency). Solid samples after
aromatization (heated at 240 °C in air) were characterized by

13 C

CPMAS solid NMR

spectroscopy using the TOSS pulse sequence with broadband proton decoupling and
magic angle spinning (at 5 kHz). Samples after carbonization (800 °C) contain no
hydrogen and they were characterized by one-pulse sequence and magic angle spinning
(at 7 kHz). All samples for solids NMR were ground to fine powders and packed into 7
mm rotors. All solids

13 C

NMR spectroscopy was conducted with a Bruker Avance 300

wide bore NMR spectrometer equipped with a 7 mm CPMAS probe.
frequency for

De

was 75.483 MHz.

De

The operating

NMR spectra were referenced cxtemally to

glycine (carbonyl carbon at 176.03 ppm). The structure of emulsions as well as of the
fundamental building blocks of the resulting aerogel microstructures were probed with
small-angle neutron scattering (SANS) at the Manuel Lujan Jr. Scattering Center of the
Los Alamos National Laboratory, using the time of flight, Low-Q Diffractometer
( LQD). 1x The scattering data arc reported in the absolute units of differential cross section
per unit volume (cm- 1 ) as a function of Q, the momentum transferred during a scattering
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event. In all cases, data were reduced by conventional methods (see Results and
Discussion) and corrected for empty cell and background scattering. Scanning Electron
Microscopy (SEM) was conducted with samples coated with Au-Pd using a Hitachi S4 700 field emission microscope. Transmission Electron Microscopy (TEM) was
conducted with a FEI Tecnai F20 instrument employing a Schottky field emission
filament operating at a 200 kV accelerating voltage.

C-aerogel samples were finely

ground by hand in a mortar with a pestle and placed in 5 mL glass vials, isopropanol (3
mL) was added and the vials were ultrasonicated for 20 min to disperse the small
particles in the solvent. After removing from the ultrasonic bath and just before particle
settling was complete, a single drop was taken and placed on a 200 mesh copper grid
bearing a lacey Formvar/carbon film.

Each grid was allowed to air-dry before been used

for microscopy. At least different 6 areas/particles were examined on each sample to
insure that the results were uniform over the whole sample.

Images were processed with

Image J, a freely available software that allows measuring the distance between the lattice
fringes. Four-point-probe conductivity measurements were conducted with an instrument
consisting of an Alessi CPS-06 Contact Probe Station with four point probe head, a
Keithley Model 220 programmable current source and a Model 181 nanovoltmeter. The
reliability of the measurements was confirmed with commercially available silicon
wafers and indium-tin-oxide films of known sheet resistance. The conductivity was
calculated via Conductivity= 1/Resistivity, where Resistivity = 4.53 x (V /I) x (sample
thickness), where "4.53" is the probe constant (unitless). Discs for electrical conductivity
measurements were cut with a diamond saw from PAN aerogels cylinders and were
processed through pyrolysis independently. X-ray diffraction (XRD) was performed with
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powders of the corresponding materials using a PANalytical X'Pert Pro diffractometer
with Cu Ka radiation and a proportional counter detector equipped with a flat graphite
monochromator. Raman spectroscopy of carbon was conducted with a Jobin-Yvon
micro-Raman spectrometer with a 632.8 nm He-Ne laser as the excitation source.
Reference graphite and amorphous carbon (carbon black) samples were purchased from
Sigma-Aldrich (CAS No.s 7782-42-5 and 7440-44-0, respectively). For the determination
of Critical Micelle Concentrations (CMC) we used a Goniometer/Tensiometer from
Rame-Hart Instrument Co., Model-250, F-1 series that employs the hanging pendant drop
method and data were analyzed using the Young-Laplace equation through the
instrument software. Elemental analysis (CHN) was conducted with a Perkin Elmer
Model 2400 CHN Elemental Analyzer, calibrated with acetanilide purchased from the
National Bureau of Standards. Modulated Differential Scanning Calorimetry (MDSC)
was conducted under N 2 and in air from -30 °C to 300 °C, with a TA Instrument Model
2920 apparatus at a heating rate of 10

oc

min- 1• For measuring heat capacities, MDSC

was run from -30 °C to 40 °C at 0.5 °C min- 1 . Mechanical characterization (compression
testing) was conducted according to the ASTM

D695-02a standard on cylindrical

specimens, using an Instron 3380 machine equipped with either a I OOkN (for S-based
PAN aerogels) or a IOkN load cell (for W-based PAN aerogels). According to that
ASTM standard, the height-to-diameter ratio of the specimen should be 2: I; typical
samples were -1.0 em diameter, -2.0 em long.
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3. Results and Discussion
3.a Organic aerogels. A top-down pathway to organic aerogels involves phase
separation of pre-formed polymers by slow cooling or addition of "non-solvent." That
method was first used by Kistler in 1932 for nitrocellulose aerogels (no-solvent:
benzene).

19

.

..,0

..,1

More recently It has been employed for polystyrene,- cellulose,-

but also

polyacrylonitrile aerogels. 22 Since those polymers are linear, covalent crosslinking of the
elementary building blocks is low, hence those materials are inherently mechanically
weak and presumably survive in monolithic form because of fiber entanglement. Thus,
here we have opted for a bottom-up process, whereas aerogels are synthesized from
monomers. According to Scheme 1, concentrated, highly-viscous polymer solutions may
be gel-like, however, upon drying there is nothing to prevent collapse driven by noncovalent interactions. On the other hand, if the polymer is insoluble in the polymerization
medium, and if the conditions are favorable (solvent, temperature, polymerization
kinetics), it may phase-separate into a colloidal solution, which, in the absence of
interparticle crosslinking, will eventually settle as a floc. Floes cannot be dried into solid
objects. With interparticle crosslinking though, and at high particle concentrations, the
solution will gel, and the 3D covalent network will resist collapse upon drying. Typically,
phase-separation

and

interparticle

crosslinking

are

introduced

during

solution

polymerization by enforcing crosslinking at the molecular level with multifunctional
monomers. A wide variety of aerogels has been synthesized implicitly or explicitly by
t h at met h o d .

6-14

Alternatively, phase-separation can be introduced prior to polymerization with
surfactant micelles m water. Addition of crosslinkers (EGDMA or HDDA) may help
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"latex" particles develop interparticle covalent bridges, and the structure will resist
collapse upon drying.

Scheme 1. Bottom-up synthesis of polymeric aerogel monoliths
monomer

catalyst or initiato r

1

I hv or L1

l

'oluble polymec

insoluble polymer

~

no interparticle
crosslinking

with interparticle
cross lin king

no covalent
bonding
between particles

high MW polymer gel
(supported by noncovalen t interactions)

floc

~ drying

30 network of
covalently
bonded particles
colloidal gel

~

collapses to
dense polymer

SCF drying

EJ

monolithic aerogel

3.b Synthesis of PAN aerogels by solution and emulsion polymerization. PAN wetgels were synthesized by solution or emul sion polymerization according to equation 1.

~+
CN

l

o f_

0

AN

Surprisingly,

l

J,o

~y \~)n y~

h v or

t.

0

~

~ 1 1 0 M0 1 L
\'( JY I ( n Y "--1:,

J

CN

n=2 . EGDMA ; n=6, HDDA

although

copolymerization

0

(1)

0

W- or S-, E- or H-xx-yy

of AN

with

EGDMA

or

HDDA

IS

straightforward, relevant reports are scarce, and not related to carbons. 23 These sample
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names (W-E-xx-yy, W-H-xx-yy, S-E-xx-yy and S-H-xx-yy) designate the preparation
route, W- for emulsions (water), S- for solvent (toluene), the crosslinker, E- for EGDMA,

H- for HDDA, and define the limits of the AN:(AN+crosslinker) v/v ratio, xx, and of the
monomers:solvent v/v ratio, yy. Outside those limits gels were either too weak, or too
dense and of no further interest. In general, there is an inverse relationship between
sample robustness and the amount of AN in the sol. Thus, if the AN:(AN+crosslinker)
v/v ratio is increased above 0.75, samples become too weak.
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Scheme 2. Solution (S-) and emulsion (W-) polymerization routes to polyacrylonitrile
(PAN) aerogels followed by carbonization and graphitization

Solution Polymerization Route

Emulsion Polymerization Route

water + surfactants + initiator

toluene. AN, crosslinker. AIBN

1

1 . tir at 23 °C. 30 m in
2 . AN+ cro s linker, over I h
3 . tir. 30 min

EJ

1
1

~G

1. hv. 365 run. 300 s
2 . 5 5 °C. 12 h

1

1. hv . 365 run. 300 s
2 . 5 5 °C. 12 h : 7 5 °C. 12 h

wet-gels

w et-gels

1. wash with toluene . 4 x 8 h
2 . wash w ith etha no l. 4 x 8 h

!

3 . dry at 23 °C. 72 h

S-basf'd

PA.~

\V -basf'd (ga·f'f'U)

urogf'ls

I

1. wash wi th H 20 . 4

x

8h

2 . dry in oven. 60 °C. 48 h

PA~

af'a·ogf'ls

I. 240 °C. 36 h. air

.j, 2 . 800 °C. 3 h. AI

~..-._c_a_•·_b_o_n_a_f'_a_·o_g_f'_ls_
~

___.l

~

2200-2300 °C

Scheme 2 summanzes the two synthetic routes and also includes carbonization
and graphitization (see Sections 3 .d.l and 3 .d.2). Gelation was induced photochemically
at room temperature and wet-gels were aged at slightly elevated temperatures. (The aging
step was not optimized.) Wet-gels were dried with SCF C02 as well as under ambient
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pressure, and they were found to have identical properties (see Table S.l in Supporting
Information). The following discussion refers to materials dried under ambient pressure.
Gelation in toluene proceeds according to Scheme 1, as planned. On the other
hand, although surfactans have been employed numerous times in aerogel synthesis,
mainly in order to reduce surface tension for efficient drying,24 as templating agents for
macroporous carbons 13 or ordered mesoporous silica, 25 and in reverse emulsions for the
synthesis of carbon aerogel spheres, 26 to our knowledge, monolithic aerogel synthesis via
classical emulsion polymerization in water has not been described before.
In formulating our emulsions, the primary goal was stability during photogelation.
("Stability" in the sense that emulsions would not separate into layers.) Surf-1 was
introduced for that purpose, and it was noted that most emulsions using surf-1 were also
clear and shelf-stable indefinitely. Exceptions were W-E-50-50 and W-H-50-50 that
were neither clear nor photostable. Eventually, they became photostable when surf-1 was
replaced with either higher concentrations of Triton® X-100, or SDS, respectively (Table
1). Nevertheless, those emulsions were opaque-white (photograph in Scheme 2) and

quasi-stable, meaning that they separate into layers upon standing for a few hours. Also ,
for control purposes (see below) we introduced an extra sample, W-H-75-50* , even
though the original W-H-75-50 was already photochemically stable and clear. W-H-7550* was made with SDS instead of surf-1 , and it was quasi-stable/milky (Table 1).
Optical clarity signifies smaller light-scatterers, while a milky appearance indicates larger
droplets, which, in agreement with the temporary stability of those emulsions, are prone
to form separate layers upon standing.
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Only one Critical Micelle Concentration (CMC) was detected for each emulsion
(Figure 1), suggesting mixed micelles (micelles formed with multiple surfactants ). CMCs
were not affected by the presence of monomers (AN+crosslinker). The concentrations of
surfactants (in the order of 445-520 g L- 1) were approximately I 000-4,000x higher than
the CMCs. That, together with the optical clarity and indefinite stability of most
emulsions might suggest that all monomers are within micelles, as in miniemulsions. 27
Micelles in miniemulsions do not share their contents; in our case, that lack of
"communication" might hinder gelation. (Of course, miniemulsions should not be a
concern with the opaque-white samples.) Clearly, correlating the micelle size with the
primary particle size in the resulting aerogels will yield information for the nature of the
emulsions and therefore the gelation process. Such insight was obtained by small angle
neutron scattering (SANS). Samples selected for SANS were chosen to provide a
representative cross-section of the synthetic parameters.
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Table 3. SANS data for selected emulsions and the corresponding aerogels

sample

emulsion (25 °C)

Rs (nm)

aerogel

D(nm)

R (nm)

High-Q slope

RG (nm)

3.45±0.02

44.4±1.2

b

57 .7

b

W-E-75-50

3.03±0.05

W -H-50-40

2.88±0.06

3.52±0.06

4.00±0.05

43 .0±1.1

b

55 .8

b

W-H-75-50

3 .39±0.04

4.55±0.05

4 .00±0.05

45.4±1.4

b

59.0

b

W -H-75-50*

2.88±0.08

3. 1±0.1

4 .00±0.04

42 .6±1.1

b

55.3

b

3.64±0.02

26.4±1.4

S-H-75-50
a.

Radius, R, calculated via R 0 =0. 77 x R.

b.

a

34.0

Possible multiple scattering.

Typical SANS data are represented in Figure 2 by the clear-stable emulsion W -H-75-

50, its quasi-stable milky counterpart W-H-75-50* and the corresponding aerogels .
Figure 2 also includes the SANS data for the S-H-75-50 aerogel, prepared by solution
polymerization in toluene. Data for all samples tested are summarized in Tab le 3.
Emulsion data were obtained at three different temperatures. With the exception of the

W -E-75-50 emulsion, clearly defined peaks are observed in all other emulsion data,
indicative of liquid-like order. Based upon their breath, it is concluded that the peaks
define characteristic length scales of the emulsion rather than Bragg scattering. The peak
positions are not affected by the temperature up to 40-45 °C. Afterwards, the scattering
profile of all clear emulsions (e.g., W-H-75-50 of Figure 2) changes shape, with the peak
position shifting to higher Q-values, and a low-Q power-law region , which might be
attributed either to onset of polymerization and formation of aggregates (secondary
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particles), or to changes in the structure of the emulsion, for instance by breaking-up of
the mixed micelles into e.g., two types of micelles, one for each surfactant. We are
inclined towards the second interpretation as both types of emulsions (clear and milky)
should have the same onset of thermal polymerization, hence they should have evolved
similarly. (It is noted that CMC determination at elevated temperatures was not
experimentally accessible.)

Aerogels, on the other hand, show a power-law region at

high Qs, followed by a Guinier knee, most likely corresponding to the radius of gyration,
RG, of the primary particles. Probing larger aggregates was outside our experimentally

accessible range at low Qs.
Quantitative analysis of the emulsion data was conducted according to a model that
assumes micelles to be spheroids of revolution with an average radius R.,. and with a hard
sphere-like interaction potential at distanceD from the sphere center. 2R For that so-called
fluid model, the entire differential cross-section per unit volume, J(Q), versus Q data
(Figure 2) are fitted according to equation 2, where P(Rs. Q) is the form factor for a
J(Q) = l"P(R,,Q)S(D,F,Q)

(2)

spherical micelle of radius Rs, S(D. QJ, Q) is the structure factor, describing the micelle
interactions and is calculated assuming hard-sphere interactions for the micelles using the
Percus-Y evick model and gives the hard sphere interaction radius, D, 29 dJ is the volume
fraction of the micelles, and /" is the scalling parameter related to the details of the
micelle structure. According to this model, micelles cannot have a center-to-center
distance of less than 2D. Both the Rs and Dare cited in Table 3 and they are sufficiently
close to one another for all emulsions, meaning that for the surfactant volume fractions
employed, the solutions arc practically filled with micelles.
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The scattering profiles of the corresponding aerogels were fitted with the Beaucage
Unified Modee 0 as described for other organic aerogels recently. 7 ·9 h.3I While the
scattering profile of the S-H-75-50 aerogel is smooth throughout, all W-aerogels
uniformly show minor deflections at Q~O.Ol

A- 1 (pointed by arrows) suggesting possible

multiple scattering, meaning that neutrons may have scattered more than once before
exiting the sample. The end result is that the RG values reported are likely smaller than
their true values, however, the high-Q slopes are unaffected. Additional experimental
effort would be required to completely understand the possible multiple scattering
effects, 32 and falls outside the scope of this work.
Irrespective of whether emulsions were clear/stable (e.g., W-E-75-50, W-H-50-40,

W-H-75-50), or quasi-stable/milky (e.g., W-H-75-50*) SANS analysis of aerogels yields
much larger primary particles (radii in the range of 55-59 nm) than the original micelles
(radii in the range of 2.9-4.6 nm). Interestingly, even solution polymerization yields
unusually large primary particles (34 nm in radius, sample S-H-75-50). At this point it is
also noted that the primary particle sizes of all aerogels for which SANS data are
available (R values in Table 3) are in the same range with particle sizes (r values in
Tables 4 and 5) calculated from skeletal densities, Ps, and BET surface areas, o-, via r

=

3/PsO". Therefore, particle radii, r, calculated by the latter method are considered reliable,
and in that regard Table 4 shows that all emulsions, clear/stable or quasi-stable/milky,
yield aerogels with particle radii in the same range, much larger than the micelles in the
sols (Table 3). Thus, overall, comparison of micelle and primary particle sizes supports a
classical emulsion polymerization model whereas polymerization takes place in micelles,
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which grow by being supplied with monomers from larger reservoir droplets via short
diffusion through water. 17
The size of the monomer reservoir droplets was probed by varying the location of the
initiator. For this, polymerization was induced not only with surf-AJBN as described in
the Experimental Section, but also with either the triethylammonium salt of 4,4 '-azobis(4-cyanovaleric acid), sol-AIBN, or AIBN itself. Sol-AIBN is water soluble, and in all
aspects a typical emulsion polymerization initiator. Surf-AIBN shares the same
amphiphilic cation with the main surfactant, surf-1, and should be associated closely with
the micelles. AIBN on the other hand is lipophilic, soluble in the monomer reservoir
droplets, and it should trigger formation of larger particles as in a suspension
polymerization-like process. (The logic followed here is akin to the recent use of inverse
suspension polymerization of an emulsified RF aqueous solution for the synthesis of
carbon aerogel spheres? 6 ) Materials obtained with sol-A IBN (data not shown) are strictly
identical to those with surf-AIBN employed in this work. On the other hand, two
aerogels, W-E-50-40-A and W-H-50-40-A, obtained with AIBN, have significantly
lower surface areas, larger pore diameters, and on average they consist of much larger
particles (265-347 nm in radius, by the r

=

3/PsO" method) than aerogels W-E-50-40 and

W-H-50-40 obtained with water-soluble surf-1 (particle radii 64-95 nm, see Table 4).
With both SANS and the location-of-initiator experiments above pointing to
gelation via typical emulsion polymerization, use of high surfactant concentrations may
be considered unnecessary. As discussed in Section 3c below, in addition to
photostability, high surfactant, hence high micelle concentrations may be related to our
ability to dry wet-gels at ambient pressure.

Table 4. Selected properties of emulsion (water)- based PAN aerogels

[monomerc,]
in c,ol (M)

sample

W-E-50-40

3.11

(%wid
c,pace)

BET
c,urface
area. a
(m2 g-1 )

1.289±0.005

68

27

20 [253]

29 5 [8.2]

86.1

I

Oi l

64

1

95 [S57]

(%) a.li

bulk
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(gem -3) a

c,keletal
demity. Ps
(gem -3) c

12
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linear
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n
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10
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347 3
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3.90

4

0.534±0.014

1.184:!:0.002

54

35

18 [117]

41.6 [24.4]

72.4

W-E-75-40

3.98

14
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1.266±0.004

69

25

23 [287]

36.9 [28.3]

94.8
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10

0.5 12±0.027

1.1 74z0.00 1

56

39

1-t[113]

363 [1 2.7]
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Table 5. Selected properties of solvent (toluene)- based PAN aerogels
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a_ AYerage
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3.c Characterization of PAN aerogels. General material properties of W- and S-type
samples are summarized in Tables 4 and 5, respectively. Table 4 includes the entire
domain ofW-samples (plus controls as discussed in Section 3.b). For direct comparison,
Table 5 shows only samples corresponding to those of Table 4. (For the entire domain of
the S-samples refer to Table S.2 in Supporting Information.) Data in the two tables have
been grouped in a way that emphasizes major trends irrespective of composition. Those
trends are related to the chemical identity ofthe crosslinker, EGDMA or HDDA.
By solids

13 C

NMR (Figure 3), PAN aerogels by both the solution and emulsion

polymerization methods incorporate all features of the monomers: C=O at 174-175 ppm,
CN at 121 ppm, COOCH 2 at 64-65 ppm and the aliphatic carbons in the 25-50 ppm
range. W-aerogels are free of surfactants because their CHN analysis coincides within
error with that of the S-samples (Table 6), and because no
associated with the surfactants (for the

13

13 C

NMR resonance could be

C NMR of surf-/ see Experimental).

Skeletal densities, p 5 , of all PAN aerogels fall in the 1.2-1.3 g em -3 range, close to that
ofpure PAN (1.17-1.22 g cm- 3 , most commonly at 1.18 g cm- 3 ). 33 Bulk densities, Po, are
significantly lower than Ps (in the range 0.385-0.597 g cm- 3 ). It is also noted that Wacrogels are less dense (by 14±4 %) than their S-countcrparts. That mostly reflects the
lower monomer concentrations of theW-sols (by 19±6%, see Tables 4 and 5), which are
partially offset by the higher linear shrinkage of the W- (9-14%) versus the S-aerogels (110%).

(Indeed,

by

normalizing

the

monomer

concentrations

by

[ 1-(%

linear

shrinkage/1 00)] 3 , we obtain S-/W- ratios similar to those observed with the Po values of
the corresponding samples.) Porosities, fl., arc calculated from the Po and Ps values (sec
Experimental) and fall in the 4 7-75% v/v range.
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Table 6. CHN elemental analysis data for selected W-and S-, E- and H-samples along
the aromatization, carbonization and graphitization processes. 3
C (%, w /w)
sam2le - tem2erature b
EGDMA- (E-) crosslinked PAN aerogels

H (%, w /w)

N (%, w /w)

0 (% w /w)

W-E-50-50

62.7±0.3

4 .9±0.8

13 .7±1.0

18.7

S-E-50-50

62.5±0 .8

4.9±0 .5

10.8±0.8

2 1.8

W-E-50-50 (theoretical)

63.7

6 .5

11.5

18.3

W-E-50-50 (aromatized)

45 .8± 0.1

2 .7±0.4

5 . 1±0.4

46.4

S-E-50-50 (aromatized)

43 .7± 1.8

3.1±0.2

5.5±0.6

47 .7

C-W -E-50-50-800

79.3± 0.8

0 .0±0.0

12.6±0.4

8. 1

C-S-E-50-50-800

77 .3±1 .2

0 .0±0.0

14.4±0 .7

8 .3

C-W-E-50-50-1600

97 .7±0.3

0 .0±0.0

0 . 13±0 .0,

2 .2

99.4±0.4

0 .0±0.0

0.1 2±0 .0 2

0 .5

C-W -E-50-50-2200

99 .7±0.2

0.0±0.0

0.09±0.0,

0 .3

C-W-E-50-50-2300

HDDA- (H-) crosslinked PAN aerogels
W-H-50-50

64.3 ±0.9

5 .3±0.6

12.3±0.7

18. 1

S-H-50-50

67 .3± 1. 1

8.2±0.9

13.1±0.5

I 1.4

W-H-50-50 (theoretical)

65 .7

6 .9

I 1.5

15 .9

W-H-50-50 (aromatized)

46.9± 0.8

2.6±0.5

4 .0±0.5

46.5

S-H-50-50 (aromatized)

44 .5± 1.5

3. 7±0.4

5.3 ±0.3

46.5

C-W -H-50-50-800

75 .6± 0.6

0.0±0.0

14.2±0 .3

10.2

C-S-H-50-50-800

73 .8±0 .2

0.0±0 .0

15.4±0 .9

10.8

97 .6±0.2

0.0±0.0

0 . 1±0.0,

2 .3

99.7± 0 .3

0.0±0.0

0.1 ±0 .0,

0.2

99 .7±0.2

0 .0±0.0

0 .04±0 .0,

0.3

C-W -H -50-50-1600
C-W -H -50-50-2200
a

C-W-H-50-50-2300
All samp les were run thrice.

6

Treatment temperatures have been added to the sample names.

ca lcu lated by the differe nce ofCHN from 100%.

c
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All shrinkage in the W-samples takes place during drying and it is the same, 914%, irrespective of crosslinker, E- or H-.

The shrinkage of the S-samples takes place

during photo-gelation. Importantly, S-H-samples shrink more (5-10%) than the S-Esamples ( 1-3% only). Considering the surface tension of water and toluene at 20 °C,
0.0720 N m- 1 and 0.0284 N m- 1, respectively, those data could support that W-samples
shrink because of the surface tension forces of evaporating water, while S-samples can
tolerate the lower surface tension of evaporating toluene better, and shrink only by
syneresis. However, this explanation is not consistent with the data of Table S.l showing
that W-samples dried either under ambient pressure from water, or with SCF-C0 2 are
identical. Therefore, W- and S-samples tolerate their evaporating solvents equally well,
hence shrinkage in both cases is associated to the usual osmotic effects causing polymer
swelling: in the case of S-samples a developing strong network pulls itself together as is
forming causing expulsion of solvent (syneresis), while in the case of the W-samples a
less rigid framework (see evidence below in mechanical characterization) causes no
syneresis and de-swells later by loss of solvent during drying.

Within this model, the

higher shrinkage in S-H- samples is attributed to the more flexible molecular structure of
HDDA, while in the S-E-samples EGDMA plays more the role of a rigid spacer. (The
different tlexibilities ofthe two crosslinkers are reflected to and are supported by the heat
capacities of the aerogels, which at 25 °C are 1.3-1.4 J g- 1 K- 1 for the H-samples, versus
1.1-1.2 J g- 1 K- 1 for their E-counterparts; see Table S.3 in Supporting Information.)
However, irrespective of the factors that cause shrinkage, the key fact is that both
W- and S-wet-gels can be dried under ambient pressure. The absence of collapse into
xcrogels could be attributed either to an extremely strong skeletal framework, as in
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polymer crosslinked silica aerogels, 34 or to large pores, whereas the pressure difference
exerted on the pore walls across the liquid-vapor interface, being inversely proportional
to the pore radius, would be greatly reduced relative to that in typical mesoporous
aerogels. 243 The mechanical properties of the W- and S-aerogels were characterized by
quasi-static compression and the results are reported in Table 7. (Typical data are shown
in Figure S.l in the Supporting Information.) S-samples are overall much stiffer than the
emulsion-based W-samples (Young's modulii in the ranges of 17-246 MPa vs. 2-30 MPa,
respectively), and they fail at much higher stresses (up to 110 MPa vs. 0.52-1.93 MPa for
theW-samples) and strains (52-63% versus 7-23%, respectively). 35 The vast difference in
the mechanical properties between W- and S-aerogels suggests that the layer of the
surfactant prevents sterically intimate contact and efficient covalent bridging between the
skeletal nanoparticles.

Overall, our ability to dry monoliths under ambient pressure

cannot be attributed to the mechanical properties of the framework. Therefore, the next
step was to investigate the morphology of the porous structure by SEM and N2-sorption
porosimetry.
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Table 7. Mechanical properties under quasi-static compression of PAN aerogels

<..atnple

<.. tra in
rate

bulk den<..iry
;.:"b. (g: cm -3 )

( ...,-1)

Y oung: '<..
n 10dulu-;,
(E . M P a)

<..peed of
">OtUld
(Ill . ., -1 )

a

ultimate
compre<.. <.. i\·e
<.. treng:th
CMPa)

ultima te
"> train
{o o)

<..pecific
energy
ab<..orption
(J g:"l )

Emulsion ba st-d ('Y-) at-rogt-ls
W -E -50-4 0

0403±0 0 14

0 .005

2. 1

73 .7

0 . 52=:0 .05

13=3

0 . 146±0 .0 12

W -E -50- 50

0 534±0 0 14

0 .005

9 .4

152 .0

1 36= 0 .05

14:d

0 .13 7±0 .008

W -E -7 5-40

0 387±0 01 1

0 .005

4 .1

10 6 .3

0 .9 1=0 . 10

:20::!:2

0 .171±0.0 19

W -E -7 5-50

05 12±002 7

0 .005

22

238 .4

1. 25=0 .05

9= 1

0 .141±0.017

W -H -50-40

0 4 32±0 037

0 .005

4 .8

111.3

0 53=:0 .0 4

37::::3

0 .165±0 038

W -H -50 -50

0 5 15± 0 01 1

0 005

3 .6

94 .6

0 8 1=:0 18

22= 2

0 .204±0 .04 3

W -H -"75-40

0385± 0012

0 005

1 .4

81 4

0 19= 0 03

10=2

0 .038±0 007

0 005

29 7

27 3 8

1 93 = 0 0 2

7±0

0 .278± 0 0 19

W-H-"7 5-50

0522±00 11 3

SolYt-nt bast-d (S-) at-rogt-ls

1

b

S -E -50-4 0

0 .509 ±0 .00 8

0 .0 1

134±3

258

1 1±2

63 ±3

38± 12

S-E -50-50

0 .594 ±0 004

0 .0 1

24 6± 14

644

68= 13

6h:.2

18 .0 ± 2 3

S-E -7 5-40

0.492 ±0 009

0 .0 1

0 .597 ±0 00 1

0 .0 1

1 7±2
175±12

186

S-E -75-50

588

7=3
9 5± 7

6 1±2
6 4=3

II 9 ± 3 .8

S-H -50-4 0

0 .4 87 ±0 027

0 .0 1

S- H -50-50

0 .605 ±0 010

0 .0 1

11±3
II 0= 13

58=4
52±4

17 I± I 8

• Calc ulate-d by spt>e-d of sotllld = (£ i!-'b)0 5
too Wt"ak a nd wt>re not te-stt"d

10 2±9
19 1± 1 7

b

4 58

562

1.2 ± 04

II 5 ± 3 I

S amplt>'> S-H - 7 5-40 and S-H -"'5-50 from Table-s 2 and 5 "\ve-re-

Figure 4 shows the microstructures and the N 2 -sorption isotherms of two
representative W -aerogel samples, one from a clear and one from a milky emulsion (WE-50-40 and W-E-50-50, respectively) , as well as the data from the corresponding Saerogel (S-E-50-40), and also from a typical H-sample (S-H-50-50). By SEM all samples
appear similar. At higher magnification they all consist of 30-80 globules (indicated by
circles) that could be considered as clusters of smaller particles. Despite that appearance,
however, both SANS (Table 3), and particle radius calculations from skeletal density and
BET surface areas (Tables 4 and 5) indicate that those globules are indeed the smallest
building blocks of the material (primary particles). In certain cases, their " bumpy"
appearance amounts to surface fractality, as indicated by the range of the high-Q power

132

law slopes in SANS, which are between 3.0 and 4.0 (Table 3). Most importantly though,
SEM suggests that all samples are macroporous. Indeed, the N 2-sorption isotherms rise
above P/Po=0.95, do not reach saturation and show very narrow hysteresis loops, both
consistent with mostly macroporous materials. Average pore diameters calculated by the
4VTotal/o-method, whereas VTotal is calculated via VTotal=(l/,A,)-(1/p5 ), are up to lOx larger
than the pore diameters calculated with VTotai taken from the highest point in the isotherm
(see Tables 4 and 5). Actually the wider the discrepancy in the pore diameters calculated
by the two methods, the more of the porosity is attributed to macropores. This is
particularly the case with all water (emulsion)-based W-samples (Table 4). By the same
token, it is also noted that there is generally a good agreement between the average pore
diameters calculated by the two methods for the S-E-samples suggesting a significant
amount of mesopores (see Table 5). Mesopores, presumably formed by the narrow space
between the large skeletal nanoparticles, are actually present in all samples, and judging
from the shape of the BJH plots (insets in Figure 4), their size distribution is broad and in
some cases multimodal. Overall, SEM and N2-sorption data together confirm that
bottom-up PAN aerogels are mostly macroporous materials, and provide a reasonable
explanation for our ability to dry PAN aerogels under ambient pressure.
Now, the origin ofmacroporosity in both theW- and S-samples is intriguing. The
similarity in their nanostructures ought to be coincidental, because their growth
mechanisms are different. In S-sols, particles phase-separate when the polymer meets its
solubility limit. With more flexible HDDA that takes place when particle radii reach 5070 nm; with more rigid EGDMA that occurs much earlier, when particle radii reach only
15-19 nm (Table 5). Larger particles in S-H-aerogels produce lower surface areas (34-56
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m 2 g- 1); smaller particles in S-E-samples yield higher surface areas ( 121-157 m 2 g- 1). In
W-sols on the other hand, virtual particles (micelles) are already phase-separated and
grow till all monomer is consumed. That takes place when the particle radii are between
64 nm and 95 nm, irrespective of crosslinker (Tables 3 and 4 ). Surface areas are
correspondingly low (25-40 m 2 g- 1, Table 4). As far as primary particles arc concerned, in
all cases those primary particles are large and thus expected to form large pores. But most
probably, this is not the complete picture. As identified by SANS, micelles almost
completely fill the solution, so that essentially we have large monomer droplets
surrounded by nanoreactors (micelles) in close proximity. In analogy to surfactanttemplated silica mesoporous cellular foams (MCFs), 25 where macropores are created by
large amounts of "swelling agents" (e.g., 1,3,5-trimethylbenzene ), here monomer droplets
may play the dual role of the reservoir and the macropore templating agent. Thus, for Saerogels we find pore diameters in the range of 23-121 nm (bimodal distribution, average
for E- = 30.4±5.7 nm; average for H- = 97.7±19.5), while for the W-aerogels we have
pore diameters between 109 nm and 287 nm (random distribution, average

=

181 ± 76 ).

The difference in pore diameters between the W- and S-aerogc1s is much larger than the
relative primary particle sizes, supporting the second role of the monomer reservoir
droplets as macropore temp1ating agents.

3.d Pyrolysis of PAN aerogels. It is well-established that carbonization of PAN requires
prior aromatization by heating in air in the 300 °C range ..n Carbonized samples arc
eventually graphitized by heating in the 2000-3000 "C range. 15 Chemical and
morphological changes have been followed throughout that process, in order to identify
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the role of the cross-linkers, EGDMA or HDDA, if any, in the properties of the terminal
materials.
3.d.l Aromatization of PAN aerogels.

Modulated Differential Scanning Calorimetry

(MDSC, Figure 5) under N 2 shows only minor, unidentified, heat exchanges up to 300°
C. In air, however, all samples show a sharp exotherm above 250° C, associated with
equation 3. 37
arumatization
270- 300 '"'C, air

~
___AN AN AN~
aromaliz~u

PAN

(3)

P A~

Aromatized samples are brown, and by SEM they appear much more compact
than their parent PAN aerogels (Figure 6). Presumably, that propensity for contraction
causes samples to break into pieces if heated directly after the exotherm of Figure 5 e.g.,
at 300 °C . Thus, in order to give samples time to accommodate the structural
reorganization imposed by equation 3 and remain monolithic, aromatization was
conducted at 240 °C, i.e., at the foot of the reaction exotherm. Post-aromatization
elemental analysis (Table 6) shows a significant increase in the 0 content, suggesting a
considerable departure from the idealized product of equation 3. Indeed, albeit surviving
features from the starting polymers, the

13 C

NMR of both E- and H-aerogels show

resonances assigned (by simulation) to fused pyridines and to additional carbonyls
(Figure 7). 37 Finally, it is important for the following discussion to note that the original
E-aerogels appear to have a higher crystalline order (by XRD, included in Figure 6), than
their H-counterparts. Although broad, two peaks in the general region of the ( 100), and
the ( 11 O) diffractions 38 of the original PAN aerogels are also clearly present in the
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aromatized sample. It is unclear though whether those diffractions are due to remaining
monomer or to the product of equation 3.
3.d.2

Carbonization of aromatized PAN aerogels and

materials properties.

Carbonization of aromatized PAN aerogels takes place according to equation 4, and was

..... Y.~.Y.~ Y~.~- ...
carbonization
~00 ° C . in Ar

XXXX--N

N

,._

N

(4)

aromati zed PAN

conducted under Ar at 800 °C. 15 •38

13 C

NMR spectra (Figure 7) lose all features

associated with the aromatized products, and elemental analyses (Table 6) shows
complete loss of H , but also relatively high percentages of N and 0. The C:N ratio
corresponds to a stack of just 3-4 fused rings in the idealized structure of equation 4 ,
although the presence of 8-10% w/w of 0 suggests again a significant amount of defects.

Table 8. Material pr pertie of 00 °C carbon aerogel from ernul ion- and olution- polymerization ba ed PAN aerogel
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Table 9. Evolution of the materials properties of representative carbon aerogels by pyrolysis at different temperatures
%

sample
C-" -E-50-50-800
C-,y -E-50-50-1600
C-"'-E-50-50-2200
C-"'-E-50-50-2300
C-"--H-50-50-800
C-,V-H-50-50-1600
C-" -H-50-50-2200
C-"·-H-50-50-2300

weight
loss

%

shrinkage a
f

15
23
25

3.0
6.0
6.8
f

15
20
20

4.0
5.0

8.7

bulk
density.
Po
(g cm-3)

skeletal
density.
Ps
(g cm-3) o

0.71
0.70
0.72
0.73

1.834±0.00 1
1.500±0 032
1.401±0.035
1.592±0.007

0.63
0.63
0.63
0.64

1. 781±0.00 1
1.429±0.038
1.539±0.01 1
1.646±0.022

%

porosity.

n
61

53
49
54
64

56
59
61

BET
surface
area. a
(m~ g·I) c

average
pore
diameter
(nm) d

particle
radiu.fl.

145 [23]
143 [44]
8 [1]
10 [N/A]

19 [24]
6 [5.3]
17 [338]
9 [297]

11
14
267
188

0.035±0.010
0.076±0.006
2.387±0.220
4.555±0.508

39 [7]
58 [9]
9 [NfA]
10 [NIA]

35 [1 05]

43
36
217
182

0.683±0.088
1. 703±0.206
6.232±0.700
6.694±1.182

7 (61]
24 [417]
14 [382]

]'

(nm) ~

electrical
conductivity
(mho cm.1)

Relative to the 800 °C aerogeL 0 . One sample. average of 50 measurements. c_ Numbers in brackets represent micropore surface areas.
d_ By the 4 Vroo1la method. For the first numbe-r. Vrora~ was calculated by the single-point adsorption method:
for the number in brackets. Vrot1l was calculated via Vrow = (l lp0)-(1 /pJ e Calculated via r = 3/psa.
f N/A: those sarnples are the bases for the respective calculations.
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A comprehensive comparison of all material properties of all 800 °C carbons is
provided in Table 8. The carbonization yield (33-57% w/w) is very close to the
theoretical one (included in Table 8), which is calculated based on: (a) the literature value
of 70% w/w for the conversion yield of PAN to tar at 800 °C/Ra. 39 and, (b) complete loss
of all material associated with the crosslinkers. (It is noted that samples S-E-00-50 and S-

H-00-50, made with the crosslinkers alone, see Table S.2 in Supporting Information,
decompose completely by heating at 800 °C under Ar.) Owing to the substantial loss of
matter, C-800 °C aerogels shrink significantly relative to their parent PAN aerogels (e.g.,
see photograph in Scheme 2), but remain monolithic. The combination of mass loss and
shrinkage results in bulk densities not very different from those of the starting PAN
aerogels (compare Po data in Table 8 with those in Tables 4 and 5). Skeletal densities, Ps,
are between 1.72 g cm- 3 and 1.92 g cm- 3 , overlapping with the range of amorphous

°

carbon (1.8-2.0 g cm- 3). 4 Combination of Po and Ps yields porosities in the range of 4168% v/v, again not very different from those of the parent aerogels. Morphologically (by
SEM, Figures 8 and S.2) all C-800 °C samples include micron-size pores. However,
quantitative analysis by Nrsorption porosimetry holds surprises: either by theW-, or the
S- route, carbons from the EGDMA-crosslinked (E-) samples show BET surface areas, a,
in the range of 137-300 m 2 g- 1, which is much higher than the range of their HDDAcrosslinked (H-) counterparts (41-62 m 2 g- 1). As a reminder, the same high/low
relationship in the a values was observed between the original S-E- and S-H-samples,
but not in the corresponding W-samples where all a values were uniformly low,
irrespective of the crosslinker (in the 25-40 m 2 g- 1 range, see Table 4). Further analysis of
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the N2-sorption isotherms shows that pore diameters calculated by the 4 VTota 11cr method
using

VTotal

from

VTotal=(l/A)-(1

IPs) or from the highest point in the isotherm, are close to

one another for the high surface area C-W-E- and the C-S-E-samples, suggesting the
presence of significant mesoporosity, which in turn justifies the higher BET surface
areas. Higher surface areas, a; for the C-W-E- and C-S-E-samples leads (via r=3/PsCY) to
smaller particles (6-12 nm radius) relative to those for the C-W-H- and C-S-H-samples
(25-53 nm radius). Thus, phenomenologically, the increase in the surface area observed
with the e-W-E-samples may be explained by smaller particles. But the fundamental
reasons are probably with the higher crystalline order imposed by EGDMA on the
original PAN aerogels (see Figure 6): once the crosslinker is decomposed, the remnants
of the PAN crystallites comprise cores of smaller carbon particles. Finally, samples
processed at 800 °C are electrically conducting, as expected. Samples with lower surface
areas and larger particles (C-W-H- and C-S-H-) have conductivities between 0.55 mho
cm- 1 and 1.03 mho cm- 1• Samples with larger surface areas and smaller particles (C-W-Eand C-S-E-) have much lower conductivities, in the range 0.022-0.053 mho cm- 1,
presumably because of more interparticle contacts and therefore higher contact
.

resistance.
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3.d.3 Graphitization of PAN-derived carbon aerogels. Certain transition metals (e.g.,
Cr, Fe, Co, Ni, Mn) are known to catalyze graphitization of carbon. 41 In that context,
graphitic aerogels have been described before by pyrolysis of resorcinol-formalhedydc
(RF) aerogels doped with the corresponding metal ions. 42 In those materials, the metal
catalyst was formed carbothermally in situ by reaction of the dopant ions with the carbon
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produced by the RF pyrolysis. 43 In this work, to avoid contamination with elements that
may compromise intended uses, we investigated direct graphitization. Thus, samples
obtained by 800 °C carbonization were pyrolyzed further at 1600 °C and ultimately in the
2200-2300 °C range, and the resulting materials are compared with the original 800 °C
forms. Since it was found that the properties of all 800 °C samples, C-W- and

C-~-,

depend only on the original crosslinker, E- or H-, and not on the process, W- or S-,
graphitization was conducted only with W-derived C-aerogels: C-W-E-50-50-800 and

C-W-H-50-50-800. Morphostructural changes were monitored by SEM and N 2 -sorption
porosimetry, chemical changes by elemental analysis, while graphitization was followed
by XRD, Raman spectroscopy and HRTEM. Data along graphitization are summarized in
Table 9.
Compared with the materials prepared at 800 °C, SEM (Figures 8 and S.2) shows
that pyrolysis at 1600 °C results in finer-grained structures, followed by more coarse
materials at 2200-2300 °C. All samples are macroporous. The more coarse structures at
2200-2300 °C are likely related to growth. In the 2300 °C samples, we also observe some
new micron-sized whisker-like structures embedded into the surrounding particulate
matter. Those whiskers resemble cone-like structures observed in certain natural
graphites, 44 and clearly consist of spiral rolled-up, sheet-like features (pointed by arrows).
Similar structures have been reported from finely-milled (24 h) natural graphite heated
with epoxy in the 2100-2500 °C range. Under those conditions carbon is amorphous
(reported that it ignites spontaneously in air) and the proposed mechanism involved a
CO-mediated growth:~ 5 Those conditions are not met in our case: as discussed below, by
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2200 °C our materials are practically pure crystalline carbon, so we are rather inclined
towards a more conventional screw dislocation mechanism. 46
By N2-sorption (Figures 8 and S.2) the volumes adsorbed nse above P/P 0 =0.9
confirming the macroporosity noted in SEM. Curiously, at 1600 °C samples also show a
quick rise in the volume of N 2 adsorbed at low PIP o values, suggesting microporosity
{pores <2 nm). Indeed, while the overall BET surface area remains about the same
between 800 °C and 1600 °C, t-plot analysis of the isotherms by the Harkins and Jura
model, 47 shows a significant increase of the micropore surface area. (This is particularly
evident in the higher surface area C-W-E-50-50 samples, where the micropore area
doubles from 23m 2 g·' at 800 °C to 44m 2 g- 1 at 1600 °C, see Table 9.) Chemical analysis
(Table 6) shows an almost complete oxygen loss at 1600 °C, and a carbon content that
reaches 97.5% w/w. Therefore, the increase in microporosity is likely associated with a
self-etching mechanism, whereas C0 2 generated internally comproportionates with
carbon to CO. (That reaction is usually employed by introducing C02 externally in order
to etch RF-derived C-aerogels and increase their surface area. 48 )
By the 2200-2300 °C range, traces of remaining oxygen have been lost and all
samples, irrespective oftheir origin, consist of>99.5% w/w carbon (Table 6). Despite the
small change in elemental composition between 1600 °C and the 2200-2300 °C range,
certain materials properties change dramatically (Table 9), consistent with growth of
nano- and microcrystals. For example, while mass loss is compensated by shrinkage,
hence Po and nvalues remain about the same as in the 800 °C samples (~0.6-0.7 gem·-~
and 49-64%, respectively), surface areas drop precipitously (to 8-10m 2 g- 1 ), average pore
diameters and radii of the fundamental building blocks increase dramatically (from 61 to
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417 nm, and from 14 to 267 nm, respectively), and electrical conductivities reach values
in the 4.5-6.5 mho cm- 1 range, that is a -lOx increase for the C-W-H-samples and a 130x
increase for the C-W-E-samples relative to their 800 °C forms. H-samples remain the
most electrically conducting (6.7±1.2 mho cm- 1 versus 4.6±0.5 mho cm- 1 for the Esamples - see Table 9). Those electrical conductivity values are now in the same range
with those of RF-derived carbon aerogels at similar densities (20 mho em-' at 0.65 g cm3),49a

and with recently reported graphene aerogels albeit at much lower densities ( -1 mho

Based on the above, in the 1600-2300 °C range we are dealing with annealing
phenomena related to reorganization of carbon. An immediate practical consequence of
that is the presence of closed pores. This is inferred indirectly by the evolution of the
skeletal densities, which first decrease as the treatment temperature increases, and then
increase again, but overall stay below the Ps values at 800 °C (Table 9) and in the range
for glassy carbon ( 1.5 g cm- 3 ), 50 which is much lower than the density of graphite (2.26 g
em-3) .40
Direct evidence for graphitization comes form HRTEM (Figure 9). Irrespective of
where we look at within the terminal 2300 °C samples, we see ribbon-like structures with
d-spacings (3.77-3.79 A) ncar to that of the (002) planes of graphite (3.35 A). 51 HRTEM
of samples treated at 800 °C, 1600 °C and 2200 °C is shown in Figure S.3 in Supporting
Infonnation. (There we sec that carbon aerogels obtained at 800 °C or 1600 °C show only
minor graphitic order along the fringes of the samples.)
Further quantitative evaluation of the structural evolution of carbon with
treatment temperature was obtained with XRD and Raman spectroscopy. Figure 10
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summarizes the data along with those for commercial carbon black and graphite. In XRD,
the parent C-800 °C aerogels show two very broad bands in the general area for carbon
(at 28 around 25° and 45°), indicating amorphous material. As the treatment temperature
increases peaks become narrower, consistent with increasing crystallinity and formation
of larger crystallites. Peaks at 26° and 42.5° correspond to the (002) and ( 10 I) diffractions
of the hexagonal 2H graphite polymorph. 423 The interlayer spacing, d 002 (=11(2 sin 8),
Table 10), decreases and converges to the graphite spacing (3.35 A). 51 The mean
crystallite height, Lc. that is the along-the-e-axis mean stack height of the graphene sheets
comprising the graphite crystallites, was obtained by applying Scherrer's equation to the
(002) diffraction peak. As the treatment temperature increases, Lc increases too (Table
10), but judging from the asymmetry of the diffraction peaks, we always have a mixture

with less ordered carbon.
The crystallite width, La (crystalline size along the a-axis), is usually calculated
v1a the Scherrer equation applied to the ( 100) ditTraction peaks. -" 2 However, that
diffraction is not prominent in the XRD spectra of graphite. Thus, for the calculation of
L,, we resorted to Raman spectroscopy (Figure I 0), whcrcs L" is given by Knight's

empirical formula (equation 5),-"J where -1 1 is the laser wavelength (632.X nm) and ln. fc;
arc the integrated peak intensities (sec below).
-1

LJnm) = (2.4 x 10

-1o

4(
1

)A

I )
I~

(5)

At XOO "C, all Raman spectra closely resemble that of carbon black. Above XOO "C, all
samples exhibit three dominant peaks: aD peak at around 1350 cm- 1 assigned to the A 111
mode (defect structure of graphite), a G peak at 15~W em -I assigned to the E 211 mode
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(normal graphite structure) and a 2D peak at around 2700 cm-1 (second overtone of the D
peak). 54 As the treatment temperature increases, the G peak increases in intensity and
develops a shoulder at around 1620 cm-1, referred to as D ' peak and attributed to
microcrystalline graphite. 55 The ratio of the integral intensities of the D and G Raman
peaks, I d l e, is a typical parameter used to quantify the degree of disorder in carbons. 5 6
As shown in Table 10, as the treatment temperature increases the I d l e ratio decreases, in
agreement with increasing order. Eventually, at 2300 °C the Raman spectrum of PAN
aerogels using EGDMA as crosslinker closely matches the Raman spectrum of
commercial graphite (see Experimental). La values calculated via eq. 5 are cited in Table
10.

Table 10. XRD and Raman data for aerogels treated at the indicated temperatures
Sample
temperature

29
(deg.)

dooz
(om)

Lc

26.44

0.337

208 . 1

0.198
3 .68

194.4
10.45

10.7
14.9
42.5
38.1

2.64
2.15
1.77
1.15

14.58
17.89
21.74
33.46

11.4
13 .6
29.8
43 .2

2.78
1.63
1.58
1.45

13 .84
23.60
24.36
26.54

(oC)
Graphite
Carbon black

li/Ie

byXRD
(A)

La

by Raman
(om)

C-W-E-50-50 (EGDMA crosslinked PAN)
800
1600
2200
2300

24.67
24.98
25.10
25.25

0 .3601
0 .3 561
0.3442
0 .3424

C-W-H-50-50 (HDDA crosslinked PAN)
800
1600
2200
2300

24.95
24.8
25.85
25.95

0.3566
0 .3585
0.3443
0.3438

Overall, XRD and Raman data considered together suggest annealing of carbon
into long (large La) and thin (smaller Lc) ribbon-like graphitic structures, in agreement
with HRTEM. The process takes place efficiently above 2200 °C. As far as the graphite
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quality is concemed, all 2300 °C-samples are superior to aerospace-grade graphite fiber
(compare data in Figure I 0 with those in Figure S.4 in Supporting Information).
Graphitization is more efficient with PAN samples made with EGDMA as crosslinker (Esamples). Although the reasons should be related to the molecular rigidity and
crystallinity imposed by that crosslinker in the parent PAN aerogels (Figure 6 ), it is also
hard to speculate on the exact process.

4. Conclusions
Growing awareness of the environmental impact of chemical processing and the
unavoidable transition from a growth to a sustainable economy render water-based
processes not simply attractive by essential. Emulsion polymerization is not typically
used for gels, and by and large for aerogels. With relatively high concentration of
monomer (AN), crosslinker (EGDMA or HDDA) and surfactants the process yields
relatively large, by aerogel standards, primary particles that form large pores, thus
reducing the surface tension forces and wet-gels are dried into aerogels from water under
ambient pressure. Acrylontrile (AN) was specifically chosen, because it comprises the
main non-phenolic source of carbon. Emulsion-derived PAN aerogels are pretty similar
materials to their conventional solution-polymerization derived counterparts prepared for
comparison. After stepwise aromatization at 240 °C and carbonization at 800 °C, the
derived amorphous carbons are identical, irrespective of the process they came from and
the only differences (mainly in surface areas and electrical conductivity) are traced to the
crosslinker. Shorter, more rigid EGDMA yields 800 °C carbons with higher surface areas
but lower electrical conductivity than longer, more flexible HDDA. By 1600 "C, all
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samples consist of ~97 .5% carbon and have developed microporosity, attributed to a selfetching mechanism (C+C0 2 -7 2CO). By 2300 °C, samples are >99.5% carbon and
HRTEM shows ribbon-like graphitic structures. By XRD and Raman, carbons from
EGDMA-crosslinked PAN show higher order than those from HDDA-crosslinked
samples. Remarkably, even though the crosslinker itself has been lost by 800 °C, there
seems to be a memory cfTect whereas its molecular rigidity is transferred all the way to
2300 "C, and is imprinted upon the crystalline order of the graphitized samples.
Emulsion gelation is a viable route to organic aerogels. Unlike gelation by
conventional solution polymerization, it provides the means for bimodal or perhaps even
trimodal particle size distributions that may be advantageous in tcm1s of mechanical
strength. As data reported here suggest, the latter can be accomplished by combining
emulsion, suspension and even solution polymerization in one pot using suitable
monomers and multiple (hydrophilic and lipophilic) initiators simultaneously. It certainly
wm1h exploring other tri and tetrafunctional crosslinkers for increased interparticle
connectivity. as well as other polymerization schemes beyond the free-radical route
employed here.
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Figure 1. Surface tension versus surfactant concentration with and without monomers.
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sample. Only one CMC point is identified and remains about the same in both cases.

154
.Emulsions

Aerogels
10' .-------,---------~

W-H-7s-50
1000

-E
g

~

100

--+- 2s ·c

10

0 1

4 5 '"C
~ ~1

...

0I

o·

~

Ol

000 1

1)01

00 1

0 l

0 l

10

W-+1- 75-50*

w -H-7s-so•

•

-

~§
X

lc·

0 l

g

I

0 I

0 OJ

F

~
f

t
>) I F

~

I
0 (lo)l

0 001
001

0 Dl

0I

OJ

iOOO

100

's-

10

X

0

::::::-

0I

0 Il l

000 1

00 1

Q (A ,)

0 I
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Figure 3. Solids 13 C CPMAS NMR data of two PAN aerogels, one made by emulsion
polymerization in water (W-) and a similar one made in toluene (S-). The polymer
structure is a simplification for the purpose of resonance assignment.

156

...E

100

;

u

a:

...

Cl)

75

•

.-- . ..

J

•

I

•

0
0 0

04

02

01

01

'0

Relative preuure, PfPo

100r-----------------------~~

. ..
1.&

1.0

•
u

......... -

. A)

.... _... ......J

0
0.0

G.2

O.A

OJI

~air.,. prKSlft,

j

.

i

,.

E
~

•

0

~

:•·n

lOO

..

150

~

__

OJI
PIPo

•

.,z•

• .. .__
· -:'
. ·-:-·- · ':"
. =-·_·---="":---='=__J

.,,

u

:u

1.0

-·.

•
•
••
•
•

1.0

Rei tlve pA$:wre , P/Po

0.0

1.0

Figure 4. SEM and N 2 -sorption data of representative emulsion (W-) and solution (S-)
based PAN aerogels. Insets show the BJH plots derived from the desorption branch of the
isotherms.

157

E-50-40
-

emulsion
solution

in air
-

-

-

under N 2

....

-u

,, ...

- .. --- .,. -- : , ' ,..... -

~ -- .:: --~.-'

,,

_,4.

H-50-40

0

-

";'

C)

3:
~

emulsion
solution

1.0

in air

0

~

....
~

(I)

.r;

>
·.::::
(I)

c

-

-

-

under Nz

0.5
0 .0

.... __.... -,
--- _____
---..
._.

-0.5
0

100

200

300

Temperature, °C

Figure 5. R epresentative Modulated Scanning Calorimetry (MDSC) data of the samples
and conditions shown.

158

as made

::;

-"'

20

40

60

80

20

20 (deg.)

20

40

20 (deg.)

40

60

20 (deg.)

60

80

20

40

60

80

20 (deg.)

Figure 6. SEM and XRD of two representative samples before and after aromatization.
SEM emphasizes the compactness imposed by the contraction expected by equation 3.
XRD peak assignments according to reference 38.

159

EGDMA-crosslinked PAN aerogel

HDDA-crosslinked PAN aerogel

after carbonization
at 800 °C in Ar

after carbonization
at 800 "c in Ar

N

i,a

I

after aromatizatlon
at 240 "C in air

after aromatlzation
at 240 "C in air

1

f

f

~~0~
CN

0

a

~~/o, A ~o~
' 1
.Ax \~ - IT
Q\ 14 11
Jv

b .c ,d ,e ,f

0

CN

a

S-E-60-40

300

250

0

b,c,d ,h

0

S-H-50-40

200

150
o. ppm

100

50

0

300

250

200

150

100

50

O. ppm
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C-W-EGDMA-50-50 at 2300 °C

C-W-HDDA-50-50 at 2300 °C

Figure 9. HRTEM of two emulsion-based samples made with EGDMA or HDDA
crosslinkers after final graphitization treatment at 2300 °C. (HRTEM data after pyrolysis
at 800 °C, 1600 °C and 2200 °C are included in Figure S.3 in Supporting Information.)
Insets: Left, actual electron diffraction pattern; right, diffraction pattern by Fourier
Transform of the image.

162

C-W-EGDMA-50-50

C-W-HDDA-50-50
graphite

graphite

-

2300°C

- ~-----

::;

=!

-

2200 °C

c:
Q)

1600 °C

l'O

> .1------

l'O

.~
en

~

en

-

c:

Q)

c:

c:

800 °C

100101

20

004

60

40
20 (deg.)
0

100101

20

60

40

29 (deg.)

G

20

0

G
0'

graphite

graphite

2300 °C

l'O

004

2200 °C

~

~

______

__,

·u;

·u;

c:
Q)

c:

-

Q)

c:

.E
carbon black

carbon black

500

1000

1500

2000

Wavenumber (cm-1)

2500

3000

500

1000

1500

2000

2500

3000

Wavenumber (cm-1 )

Figure 10. XRD and Raman data oftwo emulsion-based samples made with EGDMA or
HDDA as crosslinkers after pyrolysis at the temperatures shown. (Data for commercial
graphite and carbon black have been included for comparison

lected prop rtie

mul i n- (water-) a dP

(data in lu
poros '.

up r riti all dri d ampl )
BET

n

e

(em)'

q

ce
0.8!0:1:0.021
0 . 8~ . 018

0.9.54={1.013
0.945=0.019
0 . 8~. 010

-E·-Ef-E-75-50

0.847±0.017
0.901±0.01
0.8.88=0.013
0.898.±0.023
0.911;c0.016
0.91():::().032
0.881 0=().026
0.8 8±0.018
0.8&3:1:::().(p_.5
0.8!3±0.019

pore

(m..! g-1)

.,

1~

.233±0.009
.184c=O.OO_
.211±0.007

10
6

__ 66:::(}_

14
15
10
11

0.393=0.0 8 .232±0.010
. .1 4=0.00
0. - 2=0.0
0. 53~.026 1.240:1:0.005

10

0.432=0.03"\l

. ~15=G.OO ...

9

0.~.022

.114=0.006

9
12
12

0. - -

.175±0.00
.21.5:!::0.003

.0
0.526=0.0 6
0 85=0.0 ..
0.378=C.02

o_-...2=0.o ·

.51:l:O.OO

.194d:0.004

(

)

_o[J9]
68

_9

8 [·L]

54
54
69
69
56
56

r

8 [-

64
64

"

.J

56

69
69

""

.J .J

55

_8

..
")

39
34

30
40

34
_6

-

[37]
13 [-9]
_6 [33]
4 [3 ]
[39]

..

86.1
83.9
.. .4

88.5
94.8

110.7
6-.5

7 .2
9 .4
8 .7
63. 7
7_.6
93.7
86.6

-.,....

76.5
,· crliWI:bcd. ror'tba mi :mm:.bt.r.
'1,' •. From
B..JH d.e~

......
0\

w

Table S.2 Selected properties for all solvent- (toluene-) based PAN aerogels

sample

S-E-oo-so '
S-E-25-30
S-E-25-40
S-E-25-50
S-E-- 30
S-E-5040
S-E-- 50
S-E-75-30
S-E- 5-.tO
S-E-7S-50
50 r
S-B
S-B-lS-30
S-B-25-.tO
S-B-ZS-50
S-B-S0-30
S-H-50-40
S-H-S0-50
S-B-75-30
S-H- 5-40
S-H-S-50

diameter
(em)•

0..932;::0.00
0.9.&3:!:0.00
0.991 :!:0.006
0.95=0.011
0.970:!:0.008
0.985±0.004
0 83:!:0.007
0.99():!:{}.00 l
0.987:!:0.009
0.87.!:!:0.01
0..918:!:0 0 9
0..905:!:0.0 0..910:!:0.005
0..913:!:0. --

0.943=0.033
0.952=0.01
0.9J4=0.0_l

linear
s.hri:nkage
') b

7
1

1
5
3

.,

.,1
1

14
8
10
9
9
8
10
6

5

tmD; dells tty, A
(g an·-1 •

0.583:{).038
0.3 54 :!:{t009
0.4 l :!:0.02
0.-84 :!:0.012
0 J..t6 :!:0.011
0.-09 :!:0.008
0.-94 :!:0.
0.34& = 0.010
0.49 ... :!:0.009
o.-9 :!:0.001
0.562:!:0.044
OJ _ :!:0.03:!
0. - :!:0.01

0.48 =o on
0.60 - :!:0.010

~eletal

density:

.~.

OJl-J't

.277:::0.009
.252±0.001
.~'12:!::0 . ~

.1 g8:!:1).001
.~81:!::0 . 006
.273:!::0.002
.~90=il . 00 1

poro-.illy,
n (';a,.·ol.d
space')
54
73
6-

74
60

Sl
73
69

.~63:!::0 . 00 1

59

p3iitl.de
:radius. r

(mil) c

126
197
180
135
121
1&4
145
157

s

.299:!::0.004
.258:!::0.004

BET
swface

:! .2]
12.5]
12 .2]
22. 13.3]
16.6 16.2]
14.1 13 .1]

64

44.
40.3

.2 :!.1:!::0.0()1
.196:!::0.005
.224=0.003
.2 73:!::0.001
.219:!::0.007
.2 7 :!::0.003
.1 9 :!::0 . ~
.::!33::0.003

69.

68.1
5~.1

,

45.1
44.
46.8

.

ge of 50 mea51D'8JE11S
Average of - samples. ~ tn"e o the molds ( .00 an dwiJe.ter) ' One sa:mp
method. Fo the first llWDbei. h \\'ISCalcul3 by tlle ~e-pomt 3Ci;.orptJml method: fo the IIIllllbei in brick
,; Vr = (1. (l :pJ. c Calcula ed 1a r = 3 · .u r S.amp es made with the crosslinkers · (EGD. lA or HDDA)
a_

71 .2
15.1
18.
1'"
13
17.
19.2
1::! .5
16.4
15.1

~

.

d_ B

·

T

0\

+:>

165

Table S.3 Heat capacities of PAN aerogels

sample

bulk density,
f>o , (g cm-3)

heat capacity,
Cp, (J g-IK-1)

W-E-50-40
W-E-50-50
W-E-75-40
W-E-75-50

0.403±0.014
0.534±0.0 14
0.387±0.011
0.512±0.027

1.135±0.037
1.163±0.038
1.116±0. 036
1.159±0.041

W-H-50-40
W-H-50-50
W-H-75-40
W-H-75-50
S-E-50-40

0.432±0.037
0.515±0.011
0.385±0.012
0.522±0.0113
0.509 ±0.008

1.330±0.043
1.349±0.044
1.339±0.043
1.376±0.044
1.163±0.038

S-E-50-50
S-E-75-40
S-E-75-50

0.594 ±0.004
0.492 ±0.009
0.597 ±0.001

1.181 ±0.038
1.135±0.037
1.179±0.038

S-H-50-40
S-H-50-50
S-H-75-40
S-H-75-50

0.517 ±0.017
0.613 ±0.022
0.487 ±0.027
0.605 ±0.010

1.367±0.044
1.386±0.045
1.349±0.044
1.339±0.043
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Figure S.l Typical mechanical characterization data under quasi-static compression
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Figure S.2 SEM and N 2-soprtion data of a representative HDDA-crosslinked PAN
aerogel as a function of temperature
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W-E-50-50

Figure S.3 HRTEM at 800 °C, 1600 °C and 2200 °C ofEGDMA and HDDA crosslinked
PAN aerogels
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